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PSYCHOLOGY 
‘The Right and the Good: Distributive Justice and Neural Encoding of 
Equity and Efficiency 

M. Hsu, C Anen, 5. R. Quartz 

‘brain region linked to emotion-aracessing systems is activated as humans weigh 
fairness to an individual against benefit fora group. 


bana ona 10126ssience. 1153651 


MICROBIOLOGY 

Anticipatory Behavior Within Microbial Genetic Networks 

1. Tagkopoutos, ¥-C. Liu, S. Tavazoie 

Predictable sequences of environmental signals can be exsloited by bacteria so that 

they earn to anticipate future metabolic needs and thereby gan a competitive edge. 
10.1126é5cience.1154456 


CELL BIOLOGY 

{An in Vivo Map of the Yeast Protein Interactome 

XK Tarassov et al. 

‘Amethod that identifies pas ofarotcnsthat are 8 nanometers apart produces a map 

of interacting proteins in ving yeas finding known and previously unknown networks, 
10.1126/science.1153878 


MOLECULAR BIOLOGY 
PERSPECTIVE: Slicing and Dicing for Small RNAS 


‘A Birchler ond H. H. Ke 
TR EEAECES on. 10,1226/science. 1159018 


TECHNICAL COMMENT ABSTRACTS 


ATMOSPHERIC SCIENCE 
Comment on ‘Absence of Cooling in New Zealand 
and the Adjacent Ocean During the Younger Dryas 
Chronozone” 

PJ. Applegate, FV. Lowell R. B. Alley 
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Response to Comment on “Absence of Cooling in 
‘New Zealand and the Adjacent Ocean During the 
Younger Dryas Chronozone” 

TE Barrows, 5]. Lehman, L. K. Fifield, . De Deckker 


REVIEW 

MEDICINE 

Toward an AIDS Vaccine 
B.D. Watker and D. R. Burton 


RESEARCH ARTICLE 


ECOLOGY 
Climate-Driven Ecosystem Succession in the Sahara: 
The Past 6000 Years 

5. Krépelin etal. 

Aclimate record from lake sediments in Chad shows that the Sahara 
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changed gradually from a tropical ecosystem to a desert, not abruptly 
as implied by Atlantic dst layers. 


REPORTS 

APPLIED PHYSICS 

Controlled Phase Shifts with a Single Quantum Dot 
1. Fushman etal 

single quantum dot coupled toa photonic crystal can be used to 
Shift the phase of lght by upto % radians at the single photon level, 
as needed for quantum logic operations. 
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APPLIED PHYSICS 
Conditional Dynar 
L Robledo et al 
Controlled coherent manipulation i realized ina pair of 
sethassembied quantum dots: The optical response of one 
depends on the state ofthe other 
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‘of Interacting Quantum Dots 


APPLIED PHYSICS 
Subnanometer Motion of Cargoes Driven by Thermal 
Gradients Along Carbon Nanotubes 

A Barreiro etal. 

segment ofthe outer shel of a matinall carbon nanotube can 
‘move back and forth in response toa thermal gradient created by 
electrical current passing through the nanotube. 
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CUMATE CHANGE 

Fracture Propagation to the Base of the Greenland 
Ice Sheet During Supraglacial Lake Drainage 

S.B. Das etal. 

A large lake onthe surface ofthe Greenland ke Sheet drained out 
through and along the base ofthe ce Sheet within 2 hours, revealing 
an elficien basal hydrological system 

CUMATE CHANGE 

Seasonal Speedup Along the Western Flank of the 
Greenland Ice Sheet 

1 Joughin et al. 

‘Measurements of ice motion from Greenland show that summer 
meltwater accelerates ice sheet flow by 50 to 100% overal bat 
has less elfect inthe faster outlet glaciers. 
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ARCHAEOLOGY 
Monte Verde: Seaweed, Food, Medicine, andthe 784 
Peopling of South America 

TD. Dillehay et al. 

Carbon-14 dates on seaweed brought to Monte Verde, Chil, show 
that the site was used 14,000 years ago and that the eatiest New 
Worid people consumed marine resources. >> View 2 
ANTHROPOLOGY 

DNA from Pre-Clovis Human Coprolites in Oregon, 786 
North America 

MTP Gilbert etal. 

Fossil maa feces from an Oregon cave predate the Covi culture 
by about 1000 years, and DNA from the feces marks the presence 

of Native Americans in North America. 

BIOCHEMISTRY 

Spatial Regulators for Bacterial Cell Division 7289 
Self-Organize into Surface Waves in Vitro 

M. Loose et al 

Two proteins that define the pane of cel division se-organize into 
waves and spirals on a fat membrane, suagesting that these patterns 
andere their function in vio, >> 

BIOCHEMISTRY 

Reconstitution of Contractile FtsZ Rings in Liposomes 792 
‘M. Osawa, D. E. Anderson, H. P Erickson 

‘tubulin homolog from prokaryotes can, without other proteins, 
assemble into rings around tiosomes and constrict, suggesting a 
primordial cell division mechanism. >> Penpecriven. 755 
BIOCHEMISTRY 

Architecture of a Charge-Transfer State Regulating 794 
Light Harvesting in a Plant Antenna Protein 

TK Ahn etal. 

To orotct tse fom oxidative damage in bright igh, photosystem I 
‘operates a tunable shut that directs excess energy ta yellow 
accessory pigment tat is abundant in corn. 

vinoLocy 

Phosphorylation of Retinoblastoma Protein by Viral 797 
Protein with Cyclin-Dependent Kinase Function 

A.J. Hume et al 

‘human cytomegalovirus protein takes contol ofthe host cell cycle 
by mimicking a cell cycle kinase that phosphoylates and inactivates a 
tumor suparessor. 


ECOLOGY 
‘Adaptive Phenotypic Plasticity in Response to 800 
Climate Change in a Wild Bird Population 

‘A Charmantier et al. 

47-year study of oreat tts in Britain shows that the ability 

of individual bids to shift their breeding date has enabled 

the species to thrive as climate has changed, 

NEUROSCIENCE 

‘Temperature Sensing by an Olfactory Neuron ina 803 
Circuit Controlling Behavior of C. elegans 

A. Kuhara etal. 

‘Aa olfactory neuron in Caenorhabditis elegans also senses 

the ambient temperature and is necessary for worms’ propensity 

to seek out te temperature at which they were raised. 

CELL BIOLOGY 

Discovery of a Cytokine and Its Receptor by 807 
Functional Screening of the Extracellular Proteome 
HLinetal 

‘Asystematic, functional screen of extracellular protcins in yeast 
identified a previously unknown recepior-iigand pair: the cyokine 
interieutio-3¢ and Rs receptor. 
ELL BIOLOGY 

Regulation of the Cellular Heat Shock Response in. 811 
Caenorhabditis elegans by Thermosensory Neurons 

V. Prahlad, I. Comelius, R.. Morimoto 

Activation ofa heat-sensitive sensory neuron inthe worm 
Caenorhabditis elegans unexpectedly riggers heat-shock 
resanse throughout the animal. 
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Science 


Seeing is believing. 


SCIENCENOW, 


ve, sciencenoxt.org 


Seeing Love in a Different Light 
Jumping spider mating displays fash a wavelength 
‘that researchers thought no animal could detec. 
Extra Pounds a Boon? 

Fat transplants in mice suggest potential benefit. 
Fungus Could Be a Fix for Uranium Pollution 
Common soil organism holds the metal in place, 
keeping it rom spreading. 


Tell receptor clustering. 


SCIENCE SIGNALING 
wae sciencesignaling.org 


HE SIGNAL TRANSDUCTION KNOW hntemeit 


PERSPECTIVE: TCR Triggering by the pMHC Complex— 
Valency, Affinity, and Dynamics 

R Varma 

‘Multiple models compete to explain T cell receptor activation, 
REVIEW: Is Zinc 2 Neuromodulator? 

ALR. Kayand K Téth 

Experiments with metal chelators provide the best evidence for dnc 
asa regulator of smaptic activity 

FORUM: Open Forum on Cell Signaling 

.R. Gough and]. E Foley 

Read highlights trom the Experimenta Biology 2608 meeting 


wivw.sciencemag.org 


‘An accurate source of career information? 


SCIENCE CAREERS 

sn sciencecarcers.org/career development 
‘Opportunities: Research Inc. 

P Fiske 

This useful to think of your research career asa business, 
Rumors Fly Online When Jobs Are at Stake 

L Laursen 

(Gan jot-rumor Web sites damage your prospects? 
Alternative Careers in Chemistry 

L Balbes 

Many opportunities in chemistry exist away from the bench. 
Science Careers Blog 


dAustin 
Read the latest news and information an the scientific worklarce, 


SCIENCE PODCAST 


Download the 9 May Science 
Podcast to hear about the 
neurobiology of morality, 

climate change in the 
Sahara, HIV prevention 

priorities, and more. 

vem scercerag.egfabontipedcas.t 


‘Separate individual or institutional subscriptions to these products may be required for full-text access. 


www.sciencemag.org SCIENCE VOL320 9 MAY 2008 


—~ 


711 


EDITED BY STELLA HURTLEY 


<< Water and Ice 


The water at the base of glacial ice sheets lubricates the ice-earth 
interface, allowing the ice sheet to slide more quickly and easily over 
the ground below, but its role in how glaciers lose mass is unclear. How 
will ice-sheet mass loss be affected by climate warming? Das et al. 
(p. 778, published online 17 April) describe the disappearance of a 
large supraglacial lake in Greenland, which occurred with startling 
speed in the summer of 2006, when a torrent of water emptied into 
the kilometer-thick ice sheet below it at an average rate of flow greater 
than that of Niagara Falls. Taking a wider perspective, Joughin et al. 
(p.781, published online 17 April) synthesize a wide array of data on 
ice motion from across Greenland to show how the ice sheet responds 
to surface melting and suggest that surface melting will probably 
cause a clear, but not catastrophic, increase in mass loss from the 
Greenland Ice Sheet in the foreseeable future. 


A Not-So-Happy Nanoscale Thermal strate controlled interaction between a pair of 
* self-assembled quantum dots, whereby the 
Anniversary Motors optical esponse of one ofthe dots is cond 


This year marks a quarter-century since the dis 
covery of the human immunodeficiency virus 
(HIV) as the cause of AIDS. Over this time, enor- 
‘mous effort has been expended in developing a 
vaccine that will help tackle this global epi- 


Powering very small devices—nanoelectro- 
mechanical systems—wil require compact ways 
of converting electrical energy into directed 
motion. Barreiro et al. 
(9.775, published 


tioned on the state of its neighbor. In a separate 

study, Fushman et al. (p. 769) show that a sin- 

gle quantum dot coupled to a photonic crystal 
cavity can be used to induce optical 
phase shift up to 7/4 radians dovwn 


demic, but success has not been forthcoming: | online 10 Apri at the single photon level. the ability 
Last year saw the failure of what many viewed as | describe a linear motor to control and manipulate the opto- 
‘the most promising vaccine trial to date, coordi- | in which a multivall car- electronic properties of quantum 
nated by the National Institutes of Health and | bon nanotube (WNT), dots is an essential ingredient for 
Merck. Walker and Burton (p. 760) review the | attached to electrodes at ‘quantum logic applications 


principles that have guided HIV vaccine research 
to date, and discuss the major hurdles that now 


each end, serves asa 
track. Asmall section of 


Pre-Clovis South... 


face the scientific community in generating the MWNT was deco- 
effective protective immunity to the virus. rated with a metal plate, ‘Monte Verde, in Chile, provides some 
and upon application of of the best evidence for the early 
a large current, the inhabitation of the Americas prior to 


The Making of the Sahara 


Analysis of mid-and late Holocene environ- 
‘mental and climate change in northern Africa 
has been hampered by the extreme aridity of 
‘the Sahara during recent millennia, which has 
eradicated most sites that might have provided 
a depositional record. In an attempt to fill this 


remaining outer valls were ablated to leave a 
mobile sleeve. Passage of a smaller current 
through this assembly caused it to move toward 
‘one electrode, driven by the creation of a thermal 
gradient. The motion consisted of translation and 
rotational steps, and its overall direction was inde- 
pendent ofthe bias ofthe applied current. 


the widespread Paleo-Indian Clovis culture. 
Dillehay et at. (p. 784) now provide some direct 
radiocarbon dates on the antiquity ofthe site and 
show that the early inhabitants used a wide vari- 
‘ety of marine resources. A variety of different sea 
weeds were recovered from the ste, which was 
about 15 km from the nearest bay 14,000 years 


gap, several expeditions have been undertaken ‘290. Early tools containing seaweed flakes were 
8 to exploit the paleoclimatic potential of the ab found, This evidence helps confirm the 
§ largest Saharan lakes at Ounianga in Northeast | Quantum Dot portance of Monte Verde and supports the idea 
2 Chad. Kripeine a (9765: seethe Peper | ay = that early settlers reed on marine resources to 
§ tive by Holmes; cover) provide a continuous ptoelectronics move rapidly down the coast. 
§ and ell-dated record of climate and ecosystem | Theres get interes in developing arte. 

change over the past 6000 years from one af | tures that allow the quantum state of one part of ‘ 
: these lakes, Lake Yoa. The analysis suggests ‘a system to be controlled by the quantum state ...and Pre-Clovis North 

that the present desert became established | af another part. The ability to manipulate and | Evidence for a human presence in North America 
£ about 2700 years ago and, contrary ta expecta- | control the optical properties and/or the charge | significantly before the appearance ofthe wide- 
E tions, the pattern of terrestrial ecosystem and spin states of a single quantum dot have spread Clovis complex about 13,000 years ago 
§ change from humid ta dy was gradual rather | marked them as ideal candidates for further has been enigmatic. Gilbert et al. (p. 786, pub- 
5 than abrupt. development. Robledo et al. (p. 772) demon- Continued on page 715 
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lished ontine 3 ApriD now report the recovery and genetic typing of human coprolites from a cave 
deposit in Oregon that predate the Clovis culture by about 1000 years. The coprolites were confirmed 
as human by several techniques and directly dated and yielded mitochondrial DNA fragments consis- 
tent with haplogroups of Native Americans that are thought to have arisen about 18,000 years ago. 


Divide and Conquer 
During division, the bacterial cll division machinery selects the center of the rod-shaped cell asthe 
division site and uses a protein array to physically separate daughter cells (see the Ferspective by 
Lutkenhaus). Several protein components, including MinE and 
= ‘MinD, are known to play a role in selecting the division site. 
Loose et al. (p. 789) describe the emergence of self-organized 
behavior and dynamic pattem formation in a reconstituted sys- 
= tem, which includes oly the bacterial Ain proteins ft and 
| MinD, a supported lipid bilayer, and energy in the form of ATP. 
The proteins formed dynamic patterns by a reaction-diffusion 
mechanism in vitro, which could account for the behavior of 
[rtan) jee these same proteins in selecting the bacterial cell division site 
as fay) _ 70st bacterial and archaeal species. Its tethered to the mem 
brane by PsA, and, together with a dozen other proteins, it 
assembles into the Z ring which constrcts to divide the cell 
Whether constriction requires proteins other than FtsZ has been unclear. Now Osawa et al. (p. 792, 
published online 17 April 2008), in a system that may recapitulate the primordial division machine, 
have reconstituted Z rings comprised only of a membrane-targeted FtsZ in liposomes and shown that 
the rings generate a constriction force. 


Birds of a Feather Adapt Together 

Recent studies of biological responses to climate change have mostly focused on changes in abun- 
dance and distribution of species and adaptive evolutionary change. Charmantier et al. (p. 800) use 
data from almost Five decades of continuous study of a wild bird species—great tis in a UK woad- 
land—to show that phenotypic plasticity can be another effective means for populations to respond 
to rapidly changing climates. Linking information about individual variation, population-level responses, 
natural selection, climate, and the timing of the food supply, they show that close tracking of the 
environment is adaptive, and that the UK great tit population has tracked the changing environment 
almost perfectly over a very wide range of conditions. 


Home Is Where the Hearth Is 

The nematode Caenorhabditis elegans can “remember” the temperature a which it was gran and wil 
seek out that temperature if later expased to a gradient of temperatures. In an effort to define the neu- 
ronal circuitry that allows this behavior, Kuhara et al. (p. 803, published online 10 April found that a 
neuron known as AWC has an important role in sensing temperature. This came asa surprise because 
the AWC cells also knowin to function as an olfactory neuron. The cel could respond independently to 
dorants and temperature, even though when sensing temperature the neuron used a similar G protein 
mediated intracellular signaling system to that used in olfactory responses. 


Identifying Receptor-Ligand Pairs 

Secreted proteins that interact with receptors on the cell surface control all sorts of biological 
processes and provide targets for therapeutic intervention. Lin et al. (p. 807) used a systematic 
approach to search for previously unknown ligand-receptor pairs. They produced recombinant 
proteins from genes that appeared to encade secreted proteins and then tested the proteins indi- 
vidually for effets in a range of in vitro assays. Having identified a new cytokine, interleukin 34 
(IL-34), the authors then looked for binding to recombinant extracellular domains of about 1600 
transmembrane proteins, which led to the detection of IL-34 binding to the colony-stimulating 
factor 1 (CSF-1) receptor. Biological effects of IL-34 mediated through the CSF-1 receptor were 
confirmed in further studies. Thus, the authors’ approach can identify important regulatory pro- 
teins and their receptors. 
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Alan Bemsien isexecutve 
director ofthe Giobal HW 
Vaccine Enterprise, 
NewYork, NewYork. 


AIDS and the Next 25 Years 


Later this month, researchers will gather at the Institat Pasteur in Paris to mark the quarter century 
since human immunodeficiency virus (HIV) was discovered as the cause of acquired immunode- 
ficiency syndrome (AIDS). Since then, over 60 million people have been infected with the virus 
and over 25 million people have died. These numbers make the results of two “proof of concept” 
vaccine efficacy trials—the STEP and Phambili trials—extremely disappointing. Indeed, these 
results have raised questions about whether investments in HIV vaccine research are misplaced 
and whethera vaccine is even achievable. Those viewsare misguided. The failure of candidate vac- 
cines or drugs is tobe expected. More than ever, investigations in humans are essential to explore 
‘concepts test hypotheses, and delineate the human immune response to HIV immunogen. 

‘The STEP and Phambil trials, cosponsored by the pharmaceutical company Merck & Co. and 
the U.S. National Institutes of Health, were designed to test the efficacy of a recombinant adeno- 
virus vector cocktail expressing three HIV genes. The vaccine candidate 
failed to limit viral replication in people who became infected with HIV 
and failed to prevent the acquisition of HIV. Most disconcertingly, a sub- 
set of volunteers appeared to show an increased probability of acquiring 
HIV (see the Perspective by Moore et al, p. 753). These results reflect our 
stil-Jimited knowledge of HIV, its interactions with the human immune 
‘system, and the formidable, unprecedented challenges that it poses. 

‘Why has developing an HIV vaccine been so difficult? One reason is 
that HIV has evolved highly sophisticated ways to evade the immune 
‘system. Its extraordinarily high degree of sequence diversity, caused by 
‘mutation and recombination, makes it especially challenging to design 
neutralizing antibodies that recognize the broad range of epitopes needed 
for effective immune protection. Moreover, HIV wipes out some of the 
very cells needed to mount an effective immune response. Despite 
progress in characterizing cellular and humoral immune responses to the virus, we still don’t 
know enough about the magnitude, breadth, or types of immune responses necessary for effec- 
tive vaccine protection, in part because of the lack of a robust animal model that recapinutates 
critical features of both HIV and the human immune system. 

Indeed, these are major challenges, but evidence of immunological protection in certain 
experimental models of HIV in nonhuman primates, and the intriguing observation that 2 small 
proportion of HIV-infected individuals (“elite controllers”) can completely suppress the virus for 
years, suggest that a vaccine may be achievable (see the Review by Walker and Burton, p. 760). 
Furthermore, new technologies in structural and computational biology are providing novel 
approaches for designing immunogens that might elicit broadly reactive neutralizing antibodies, 
and new insights into innate and mucosal immunity are expanding vaccine design strategies. 

_Atmeetings over the past few months, including an international workshop convened last week 
by the Global HIV Vaccine Enterprise, there was broad agreement on many points, particularly 
that more, not less, basic and early-stage clinical research is needed. Understanding the human 
Jmmuune response to HIV remains a priority. We need to understand the role of both the innate and 
adaptive immune responses during HIV infection. Better assays are needed that reflect the fianc- 
tional biology of cellular immune responses and incorporate a systems biology approach—that is, 
‘encompass the integrative Functioning of gene, protein, and biochemical networks—to monitor 
the immune system. We need to make it much more attractive for young researchers, including 
those from other fields, to enterthe HIV vaccine field. And the continued engagement of industry 
is essential if we are ever tohave a vaccine. 

Laboratory research has led to effective dmgs against HIV that have prolonged the lives of 
infected individuals, and epidemiological studies have shown that interventions such as circum- 
cision (see the Policy Forum by Potts et al_, page 749) can reduce viral acquisition, However, we 
know from experience with other pathogens that a vaccine is the best way to stop a virus. 
‘The only end for a journey that began 25 years ago should be the development of a safe and 
effective HIV vaccine. 


~Alan Bemstein 


20.11265cenee 1159997 
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Ringing in the Old Years 


The annual rings of the bristlecone pine trees in eastern California, extending 
back in tive trees about 8000 years, area lynchpin for calibrating radiocarbon 
dates, They have also provided important local climate records, as ring width 
is thought to reflect temperature and moisture; the length of the record is 
particularly useful in applying the data toward long reconstructions of global 
climate. Berkelhammer and Stott have now obtained an annual resolved 
record, extending back to the year 1700, of the oxygen isotope composition 
of cellulose from the rings of two California bristlecone pines. Interpreting 
the record is somewhat complicated, as isotopes are fractionated within the 
tree and by transpiration from the leaves as relative humidity varies, but large 
changes in values probably reflect variation in the main sources of storms in 
the region. The record shows small oscillations every 20 years or so that prob- 
ably reflect Pacific climate variations. More dramatic isa steep change in the 
mid-1800s that indicates a change from southern-derived moisture during 
the time of the Little Ice Age to more northern winter storms since. The effect 
of such changes on the overall growth of the trees, and thus the ring width 
used in longer reconstructions, need further study. — BH 

Geochem. Geophys. Geos. 9, 10:1029/20076C001803 (2008). 


CELL BIOLOGY enhanced, and differential gene expression 
analysis showed that the heterokaryons 
repressed hematopoietic genes and activated 
Purkinje neuron genes. — BAP 

‘ei Cell Bio, 10, 10.1038/neb1720 (2008. 


Inflammation Ac eurc 


Cell fusion is common in same tissues such as 
skeletal muscle, Studies using transplanted bone 
martowi—derived cells (BAIDCS) have been com- 
plicated by observations that cell fusions 
between BMDCs and resident cell types can Polar P 
‘occur, Injury may increase the number of fusion ; 
‘events; however, its not known whether Fuso- 
genic cells are functional. 

Johansson et al. transplanted single 


In rod-shaped bacteria, proteins that mediate 
chemotaxis, cell division, and development are 
‘bserved to localize to the poles. Recent evi- 


hematopoietic stem cells (HSCs) into lethally 
itradiated mice and found that Purk- 
{nje neurons fused with the 
HSCs, An alternate method 
for detecting such fusions 
entailed joining mice 
surgically, so that the 
parabiotic mice (one of 
Which expressed green 


‘A Purkinje neuron- 
HSC fusion. 


fluorescent protein) shared a 
circulatory system; 5 to 6 
months after parabiosis, the cerebel- 
lums of both mice contained fluorescent Purk- 
{nje neurons. When chronic inflammation was 
present, cerebellar heterokaryon formation was 


dence of heterogeneity in the composition of the 
bacterial cytoplasmic membrane and of the 
preferential binding of proteins to par- 
ticular lipids suggests that mem- 
brane architecture may contribute 
‘to protein localization. For 
example, cardiolipin is involved 
in the polar and septal target- 
of the Escherichia coti 
‘osmosensory transporter ProP- 
Cardiotipin isa phospholipid 
with high intrinsic curvature, 
‘and one proposal is that clusters 
of cardiolipin localize spontaneously 
to the poles, where the membrane is 
constrained by the curved cell wall 
‘Mukhopadhyay et al. have extended their 
‘quantitative biophysical model to include the 
elastic energy of the membrane (which penalizes 


a deformation of the membrane away from the 
cell wall~imposed geometry), the interaction 
energy between lipids, and entropy. They show 
that variations in osmotic pressure, the force that 
pins the membrane to the cll wall, can regulate 
localization. The model predicts the minimum 
‘membrane fraction of cardiolipin required for 
domain formation and a polar localization that 
are consistent with the experimentally observed 
critical concentration of cardiolipin required for 
polar localization of ProP. — VV 

Biophys J. 94, 10.1529/biophys,.107.126920 

(2008. 


Early exposure in high-school science labs to geo- 
‘metrical optics with lenses and mirrors fosters 
wide familiarity with how to focus and manipu- 
late light in the visible spectrum. Avery broad 
range of convenient focal parameters is available 
at these wavelengths, As the energy of the pho 
tons increases and their wavelengths shrink into 
the x-ray and gamma-ray regimes, however, con- 
ventional lenses and mirrors no longer work, 
Instead, such high-energy phatons must be 
uided along their path by shallow-angle reflec- 
tion from specially designed mirrors. Because of 
the small angles required to avoid absorption 
losses, the typical focal distances involved are on 
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‘the order of 210 m or s0. Though manageable for 
the likes of large, Earth-based observation sta- 
tions, these focal parameters are rather unwieldy 
for medical imaging, space-based observatories, 
‘or mobile radioactive material detectors. Tourn- 
ear et al. show that multilayered stacks of gold- 
palladium and polymer films deposited on a 
curved silicon substrate can be used to effectively 
guide gamma rays with a much smaller focal 
length. Demonstrating the technique for gamma 
rays of 122 keV, they claim that the focal lengths 
can be shrunk down to 1 m or less for radiation 
the ~100-keV to low-MeV range. — 150 

‘Appl. Phys. ett. 92, 153502 (2008) 


cHemistay 
Can SWNTs Swim Apart? 


Single-walled carbon nanotubes (SWNTS) form 
as bundles, and to facilitate their processing, 
‘they are usually solubilized by some sort of sur- 
face treatment, such 
as coating with sur- 
factants or protona- 
tion with superacids. 
However, unadorned 
SWNT bundles, when 
sonicated in dilute 
‘N-methyl-pyrrali- 
done (NMP) suspen 
sions, have been 
observed to disperse 
and even exfoliate. 
Bergin etal. now 
show that this process 
represents true thermodynamic solubility; in 
other words, the free energy of mixing is nega- 
tive, This situation is unusual for SWNTs in that 
‘the entropy term of mixing for such large mole- 
cules is very small, so the enthalpy of mixing 
‘must be near zero or even negative. The authors 
found that as the degree of dilution of SWNT 
samples in NMP increased, an analysis of bundle 
sizes (via atomic force microscopy of droplets 
evaporated on substrates) showed a decrease in 
bundle diameter, indicating that the samples 
were approaching equilibrium in solution 
‘through spontaneous desorption of SWNTs from 
‘the bundles. Light-scattering studies afforded 3 
‘measurement of the Flory-Huggins parameter, 
whose sign indicated that the enthalpy of mixing 
was negative. The authors note that the surface 
energy of NAP is similar to that of the graphitic 
surface of the nanatubes; scanning tunneling 
‘microscopy (STM) images of the SWNTs after 
sonication in NMP showed evidence of NMP mol- 
ecules adsorbed on the SWNTS migrating from 
inside the bundles to the silicon deposition sur- 
face, The authors argue that strong physisorp- 
tion of NMP onto the SWNT surfaces drives solu- 
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bilization and that this observation will be key in 
developing better solvents, — PDS 
‘ds. Mater. 20, 10.1002/adma 200702451 (2008). 


NEUROSCIENCE 
Are You a Morning Person? 


‘Some neurotransmitters, such as dopamine, have 
been implicated in adjusting a person's mood. 
The circadian clock mechanisms, meanshile, 
keep the organism's physiology tuned for appro- 
priate responses ta day or night. Hampp ef al. 
hhave demonstrated how the molecular signaling 
pathways for circadian rhythms might intersect 
‘with the brain’s establishment of general mood. 
They anal Satins promotes: of the gene encod 
‘ng monoamine axidase A, which stabilizes some 
aspects of mood and breaks down dopamine and 
serotonin, contains binding sites for several clock 
proteins and showed that circadian oscillation 
wwas driven by the Mtaoa promoter in neuroblas- 
‘toma cells. Mice lacking Per2, a 
gene that stabilizes circadian 
rhythms, showed damped expres- 
sion from the Maca promoter. 
Observations of the Per2 mutant 
mice in response to an unavoid- 
able problematic situation— 
taken as a proxy for despair in 
humans—showed correlations 
with disorders of mood. — FIH 
Cur. Bik. 18, 
10.1016/,c1.2008.08.012 (2008). 


PsycHoLoGY 
Seen in a Positive Light 


frequently observed and seemingly antisocial 
behavior is that a morally dubious action taken by 
‘oneself will be regarded as less sinful than the 
same act committed by someone else. Within the 
currently popular framework of a dual-process 
model for rendering moral judgments, this asym- 
metry might arise either at the automaticintuitive 
stage of assessment or at the conscious/detibera- 
tive stage. Valdesolo and DeSteno describe a study 
that reveals thatthe bias in Favor of the self grows 
‘ut of cognitive processes. Diverting some of these 
cognitive resources by imposing an onerous 
numerical task while actions were being rated for 
fairness eliminated the moral bonus awarded to 
‘one’s oxn acts, suggesting that the rapid intuitive 
ranking of behaviors according to norms of fair- 
ness operates in an evenhanded and disinterested 
fashion. In contrast, the higher-level thinking so 
characteristic of us may, in fact, overrule baser ani- 
mal instincts for al-too-human motivations, such 
as the drive toward a positive self-image. — GIC 
‘I Exp. Soc. Psychol. 48, 
10.1016 jes9.2008.03.010 (2008). 
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Travel with AAAS! 
Explore China this Fall! 
Xinjiang 
& Legendary Hunza 
September 7-24, 2008 
Xinjiang Province in far western 
hina has extraordinary landscapes, 
from bountiful deserts just below 

sea level to some ofthe highest, 
peaks in the world. Hunza is 
‘unique—isolated and pristine. 
Spend six memorable days in the 
Hunza Valley, surrounded by lofty. 
peaks of the Karakoram range. 
$3,995 + air. 


Backroads China 
&Angkor Wat 


October 3-19, 2008 
This is our classic adventure in 
Yunnan Province (southwestern 
China). Many ethnic cultures are 
found here, attracted by the Burma 
Road and mild climate, against a 
‘backdrop of 


towns like 
Weishan, 
Dali, Lijiang, and Zhongdian. Free 
trip extension to renowned Angkor 
‘Wat. $3,695 + air 


China's Unique 
Heritage 


November 6-23, 2008 
Discover the exciting natural 


feathered dinosaurs... the dawn 
redwoods to a cruise on the 
Yangtze River and Shanghai. 
$3,995 *ai 


Fora detailed brochure, 
please call (800) 252-4910 


AAAS Travels 


17050 Montebello Road 
Cupertino, California 95014 
‘Smal: AAASinfoSbetchartexpeditions.com 
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Place Your Bats 


Bats can help reforest the tropics, researcher 
Germany say. Artificial bat roosts atractfruit- 
eating bats, whase droppings help spread 
seeds beyond the forest edge. 

Detlev Kelm of the Leibniz Institute for 
Zo0 and Wildlife Research in Berlin and his col 
leagues installed simple tomers made of sawdust 
and concrete near a Costa Rica nature reserve ravaged by 
agriculture and logging. The researchers wanted to lure 
bats out of their normal forest habitat and into the dis- 
turbed regions, which no longer had large, hallow tree 
trunks in which bats like to hang out during the day. 

Bats of 10 different species readily flocked to the 
roosts, the scientists reported online 25 April 
Conservation Biology, significantly increasing the 
‘number and types of seeds in the neighborhood. “We 
kick-start the forest succession,” says Kelm, who adds 
‘that mast of the seeds are of “pioneer” species such as 
nightshade, which grows well in open areas. Although 
artificial roosts are used for bat conservation, says 
‘Thomas Kunz, director of Boston University’s Center for 
Ecology and Conservation Biology, the Costa Rican 
project is “a very novel idea” that should spur athers to 
harness bats’ ability to help restore lost habitat. 
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500 cubic meters of water per hectare, or more 
than 10% of his annual usage. The basic sys- 
‘tem was puton the market this spring for 
51200; for $500 more, a modem will send the 
data to a computer that will crunch the num- 
bers and send phone messages. 


Handfuls of Satellites 


Last week, the Indian space agency shot a record 
10 satellites into orbit with one rocket from its 
space port at Sriharikota, Andhra Pradesh. 

Hoisted into orbit by India’s Polar Satelite 
Launch Vehicle were two Indian satellites: the 
700-kilogram Cartosat 2A Earth-mapping satel- 
lite and a 76-kg remote-sensing satellite that 
will share images with universities in poor coun- 
tries. The payload also included eight “nano 
satellites” from other countries, weighing 
between 3 and 16 kilograms each and designed 
10 test money-saving off-the-shelf components. 

‘The feat isa tricky one, says G. Madhavan 
Nair, chair ofthe Indian Space Research 
Organisation in Bangalore. The satellites were 
released at 20-second 
intervals by small 
explosive devices as 
the rocket coasted at 
7.5 kilometers per 
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Even field crops have caught the text-message 
craze. A new wireless monitoring system sends 
leaf temperature data toa computer, which 
posts the numbers to the Internet and can even 
text a farmer's cell phone to say it's time to 
water the crops 

Growers currently under- or overwater many 
crops, according to plant physiologist James 
Mahan of the U.S. Department of Agriculture 
‘Agricultural Research Service in Lubbock, Texas 
Based on 20 years of studying plant temperature 


TALK SHOW 


stress, Mahan says he’s come up with a simple 
and accurate way to ask a crop whether it's 
thirsty. Mahan found that, like animals, different 
plants have different ideal temperatures, around 
25°C, depending on the species. In drought, cells 
‘warm up and go into heat stress. His new 
‘SmartCrop, developed with AccentEngineering 
‘company in Lubbock, uses infrared sensors staked 
‘among the plants to measure leaf temperature 
and records other data such as humidity. 
Northern Texas farmer Glenn Schur has 
used a pilot version of SmartCrop in cotton 
fields for 6 years and says it's saved him about 


second 636 kilome- 
ters above Earth. If 
the timing is off the 
satelites can collide, 
and if an explosion is 
100 strong it can dam- 
‘age the electronics 

The previous 
record for a multiple- 
satellite launch was set by the Russians, who 
sent up eight in April 2007, 9 months after 
losing a cargo of 15 satellites when the rocket 
‘engine shut down prematurely. 
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Linguists on a half-dozen anthropology and linguistic Web sites are 
singing the praises ofthe new World Atlas of Language Structures (WALS) 
online. WALS, an “awesome resource” as one fan calls it, was launched in 
April by the Max Planck Digital Library and the Max Planck Institute for 


Evolutionary Anthropology to give both scientists and nonlinguists free 
access to the data, maps, and analytical tests from the 2005 book and 
(CD-ROM, The World Atlas of Language Structures. The book broke new 
‘ground by showing scientists the geographical distribution of important 
patterns of sounds, word structure, and sentence structure in 400 lan- 
guages. The database expands the number to 2500 and makes the atlas 
interactive, including 141 maps linked to 6500 references. 

Atour of WALS shows the geographic origin of each language as well 
a the distribution of a vast range of structural properties, including 
Phonological, grammatical, and lexical features. See, for example, the 
map (left) showing the distribution of “para-linguistic uses of clicks.” Or 
look under “English” and learn that it has a complex syllable structure 
but no politeness distribution in pronouns. 
>> wals:info 
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David Asai, a cell biologist at Harvey 
‘Mudd College in Claremont, California, 
and longtime grantee of the Howard 
Hughes Medical Institute, has been 
named director of HHMI’ undergraduate 
science education program, which gives 
‘out $45 million in grants every year. Asai, 
54, replaces Stephen Barkanic, who left 
last August 


How would you characterize the 
state of U.S. undergraduate science 
education? 

Science education over the last 50 years 
has been a remarkable engine for cre- 
ativity and discovery, but science dis- 
covery [has] become more multidisei- 
plinary. [t's important to tap the very 
best and brightest, no matter what they 
look like and where they come from. 


Q: Why is diversity so important? 
‘The complexity of some of the problems 
in life sciences today is impossible to 
measure. It really helps to have people 
who come ftom different (racial, cul- 
tural, and disciplinary] backgrounds to 
think about the same problems. 


hat will be your biggest challenge? 
Working at HHML, the opportunities for 
having an impact on students are 
immense. But I won't be in the classroom 
anymore. It's not better, it's not worse, 
but it’s going to take some adjustment. 


Gata tip for this page? Email p 


IN PRINT 

HOTTYPE. An upcoming paper in IEEE 
Trensactions on Power Delivery describes how 
global warming could shorten the working lives 
of electrical power transformers. But don’t look 
for “global warming” in the ttle. The authors 
replaced it with the watered-down “ambient 
temperature rise” after an anonymous reviewer 
asserted that predic 
tions of increasing tem- 
peratures were scientif- 
ically unfounded. 

The self-censorship 
was done “in the inter- 
est of getting the thing 
published as quickly as 
possible,” says Gerald 
Heydt, an electrical 
engineer at Arizona 
State University in Tempe. Heydt says the 
reviewer cited 400 scientists who are skeptical 
that humans are changing Earth’s climate. The 
paper reports that transformers are likely to 
fail more often if temperatures rise by an 
average of 4°C over the next century, as pre- 
dicted by some models. 

The journal's editor, Reza Iravani, says 
Heydt didn’t need to change the ttle and that 
the reviewer strongly supported publishing the 
paper. The comments, Iravani says, simply 
noted that “this range of temperature change 
has not been established.” 


IN BRIEF 

Michael Kluse has been named director of the 
Department of Energy's Pacific Northwest 
National Laboratory in Richland, Washington, 
\which is managed by Battelle. Kluse, who has a 
master’s degree in industrial and systems engi- 
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neering, has served as interim director ofthe 
$760 million facility ince August 2007. 


‘The National Academy of Sciences last week 
named 72 new members and 18 new foreign 
associates. The list is at wwnw.nas.edu. 


NONPROFIT WORLD 

IN THIS TOGETHER. Freddy Nguyen had such a 
hard time learning about M.D./Ph.D. programs 
that he vowed to help other applicants avoid a 
similar fate. Last month, the organization that 
‘grew out of his frustration, the American 
Physician Scientists Association (APSA), hosted 
its fourth annual meeting in Chicago. The 
‘group is doing well enough for the 26-year-old 
Nguyen, an M.D/Ph.D. candidate at the 
University of Illinois, Urbana-Champaign, to 
step down as president and hand the reins to 
the next generation. 

APSA (ws. physicianscientists.org) has 
‘more than 1000 student members from about 
120 medical schools. It rgan- 
izes national and regional con- 
ferences each year where this 
rare breed—who face a 10-to- 
‘14-year slog—can meet fellow 
students, present their research, 
and learn from senior investiga- 
tors who have traveled the same 
path. “it's really about connect- 
ing people across organiza- 
tions,” says Nguyen. 

“Freddy has a remarkable passion for this,” 
says Joseph Bast, director of the M.D/Ph.D. pro- 
‘gram at the University of Kansas Medical Center, 
who calls the group “a very worthwhile organi- 
zation.” The new president is James Pauff, who 
attends Ohio State University in Columbus. 


JUST CURIOUS. Albert Hofmann, the Swiss chemist whose discovery of LSD (Iyser- 


Deaths 


{gic acd diethylamide) fueled an era of psychedelic art and music, died of a heart 


attack on 29 April in Basel, Switzerland. He was 102. 
Hofmann was working at Sandoz Pharmaceuticals, researching the medicinal properties of 
plants, when he synthesized LSD in 1938. But only 5 years later did he stumble upon its hallucino- 


genic effects after accidentally absorbing it 
through his fingertips. The resulting “fantastic 
pictures of extraordinary plasticity and intensive 
color” convinced him that the drug could help 
treat psychiatric illnesses, and he often used 
himself as a test subject. 

“[Hofmann] managed to keep his almost 
childlike curiosity for the wonders of nature and 
creation,” said Dieter Hagenbach and Lucius 
‘Werthmiiller ina written statement from the Gaia 
‘Media Foundation, where Hofmann served as a 
board member. 
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Middle echool students 
in Ohio learn about 
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The platypus 
decoded 


Going From RAGS to Riches Is 
Proving to Be Very Difficult 


Ray Mellado welcomes contributions to the 
nonprofit organization he founded 2 decades 
ago to encourage US. Hispanics and other 
students of color to pursue careers in science 
and engineering. But the retired Xerox sales 
executive is wary of an offer from Chinese 
investors to nearly double the $4 million 
budget of the Los Angeles-based organiza- 
tion (called HENAAC). They want it to 
expand its program to rural China in hopes of 
encouraging students there to pursue techni- 
cal careers. The offer is a reminder about how 
much the rest of the world values science, 
Mellado told an overflow crowd of 450 edu- 
cators, lobbyists, government officials, and 
industrial leaders assembled last week in 
‘Washington, D.C. “I think we'll see more of 
that,” he said. 

Mellado’s prediction capped a day of 
hhandwringing about the state of the US. sci- 
entific enterprise, The meeting was held to 
assess the country’s response to 3 2005 report 
by the US. National Academies titled Rising 
Above the Gathering Storm: Energizing and 
Employing America for a Brighter Economic 
Future (RAGS). 

‘A parade of speakers gave the federal 


government failing grades for not heeding 
the recommendations in RAGS for bigger 
research budgets, more undergraduate schol- 
arships and graduate fellowships, changes in 
immigration policy, and an improved envi- 
ronment for innovation (Science, 21 October 
2005, p. 423). “We have ... attractfed] sub- 
stantial bipartisan support for the notion of 
investing in research,” notes Robert Berdahl, 
president of the 60-member Association of 
American Universities in Washington, DC, 
citing passage last summer of the America 
COMPETES Act, a nonbinding promise to 
fund many of the recommendations in the 
report (Science, 10 August 2007. p. 736) 
“But we've made no progress in making it 
a reality. It’s a failure of leadership by 
both the White House and Congress, and it’s 
very disappointing.” 

Much of that disappointment stems from 
the last-minute collapse in December of plans 
to give several science agencies double- 
increases in 2008 (Science, 4 January, p. 18), 
‘Someeting organizers tried to rally support for 
adding up to $900 million to the current budg- 
ets of the US. National Science Foundation, 
the Department of Energy's Office of Science, 


Biopiracy 


protections 
in China 


and the National Institute of Standards and 
Technology. President George W. Bush 
opposes the idea—now pending in Congress 
as part of a supplemental spending bill to find 
the wars in Iraq and Afghanistan—even 
though he asked for the entire amount more 
than a year ago as part of his American Com- 
petitiveness Initiative (ACD). And three Cabi- 
net secretaries delivered the Administration's 
message that the Democratic-led Congress is 
to blame for failing to fully fand ACT. Still, the 
bipartisan appeal of innovation was evident as 
seven legislators, representing both parties, 
described their faith in the country’s ultimate 
ability to compete in a global economy. 

‘The exception to that gloomy report card 
may be efforts to improve precollege science 
and math education, with an emphasis on 
improving the skills of middle and high school 
teachers. Much of the progress is due to pri- 
vate funding substituting for the proposed 
govemmment increases, “We couldn't afford to 
ait for the federal government to act,” says 
‘Tom Luce, a retired Dallas lawyer and former 
Department of Education official who is chief 
executive officer of the National Math and 
Science Initiative. NMSI, a $140 million 
effort funded principally by the ExxonMobil 
Foundation, underwrote last week's meeting. 

‘Last fall, NMSI gave grants to 12 university- 
based programs to replicate an approach 
developed at the University of Texas, Austin, 
called UTeach that draws math and science 
majors into teaching careers (Science, | June 
2007, p. 1270). Some 52 institutions applied 
for the S-year, $2.4 million awards, which 
Luce sees as resounding support for the idea 
of scaling up something that has been shown 
to work. But Luce says that federal dollars— 
the COMPETES legislation authorizes 
$150 million a year for the UTeach effort— 
are needed to take the program nationwide 
and begin toreverse the hmge problem of send- 
ing science and math teachers into classrooms 
with inadequate preparation in those fields. 

‘The higher education community seemed 
especially disappointed that the report's wam- 
ing of a “gathering storm" hasn'tstimed public 
interest in strengthening U.S. science, as the 
Soviet Union’s launch of Sputnik did a little 
‘more than 50 years ago. Even the popular idea 
of a national project to achieve clean energy 
independence, as Senator Lamar Alexander 


(R-TN) proposed at the meeting, hasn't res- § 


onated with the public, notes C. D. “Dan’ 
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Mote, president of the University of Maryland, 
College Park, and a member of the panel that 
produced the Gathering Storm report. 

“The country responds to a crisis, prefer- 
ably one involving national security,” says 
Mote. “But the country doesn’t see a crisis. 
Congress doesn't see a crisis. People complain 
about $4-a-gallon gasoline, but nobody sees the 
connection to not developing enough altema- 
tive energy technologies. They blame it on not 


ARCHAEOLOGY 


The moral 
brain 


drilling in ANWR [the Arctic National Wildlife 
Refuuge] or on gasoline taxes.” Mote says that 
the cost ofthe recently passed economic stimu 
lus package—$168 billion in checks of up to 
$600 to taxpayers—“could pay for RAGS fora 
decade. As it is, the money doesn’t do.a damn 
thing about the underlying problem.” 

That shortsightedness also bothered vet 
eran CBS reporter Bob Schieffer, who moder- 
ated an opening panel. “Is our way of life so 


Science 
meets siteom 


good that we have forgotten how we got 
here?” he wondered. Craig Barrett, former 
CEO of Intel and another co-author of the 
Gathering Storm report, replied with a sting- 
ing indictment of the current political system. 
“There will be winners and losers,” he replied, 
“and the losers are the ones who insist on 
Jooking backwards.” Mellado believes that he 

met the people who are looking ahead, and 
it worries him. JEFFREY MERVIS 


Ancient Algae Suggest Sea Route for First Americans 


Evidence is rapidly accumulating 
that the first Americans came 
from Asia and spread throughout 
the New World by at least 14,000 
years ago (Science, 4 April, 
p. 37). Butdid they come by land 
or by sea A paper on page 784 of 
this issue provides some support 
for the hypothesis that they took 
the coastal route rather than trav- 
eling inland. At the least, the 
report provides strong evidence 
that the earliest Americans used 
algae and other marine resources 
for food and medicine, and it 
seems to clinch early dates for 
one of archaeology’s most con- 
troversial sites 
The paper “provides a nice 
seaweed gamish” for the coastal 
hypothesis, says archaeologist 
Jon Erlandson of the University 
of Oregon, Eugene, one of its 
leading proponents. Geoarchaeologist 
Michael Waters of Texas A&M University 
in College Station agrees, adding that 
the coastal route allowed “for the very 
rapid movement of people from North to 
South America.” 
For the past 30 years, archaeologist Tom 
Z Dillehay of Vanderbilt University in 
© Nashville, Tennessee, and his Chilean and 
5 American co-workers have been excavating 
Bi at the southern Chilean site of Monte Verde. 
§ The site is replete with evidence of long-term 
H 
= 
g 


occupation such as huts, tents, and hearths 
and was previously radiocarbon-dated to 
14,200 to 14,600 years ago. Thus, the site has 
been pivotal to claims that humans arrived in 


At the water's edge. This sandy Pacific 
coastline was one source of seaweed, which 
was found in what may have been an ancient 
‘medicinal hut (excavated foundation, inset) 
at Monte Verde, Chile 


the Americas before the 13.000-year-old 
Clovis culture, although some researchers 
challenged the ancient dates 

‘Most recently, while sifting through pre- 
viously excavated sediments from hearths 
and floors, the team recovered the remains of 
nine species of marine algae plus three stone 
tools. One tool had seaweed remains on its 
working edge. Direct radiocarbon dates on 
two of the seaweed samples both clocked in 
at about 14,000 years, 

‘The new dates “remove any lingering 
doubts about the antiquity of human presence 
at that site.” says archaeologist Daniel 
‘Sandweiss of the University of Maine, Orono, 
who had earlier counted himself among 


‘Monte Verde’s skeptics (Science, 
22 October 1999, p. 657) 

Back 14,000 years ago, 
Monte Verde was located about 
90 kilometers east of the sandy 
Pacific coast and 15 kilometers 
north of a rocky-shored inland 
marine bay. Algae from both 
environments were recovered, 
including inedible species that 
are today used as medicines in 
Chile and elsewhere. Moreover, 
the algal species found 
are known to flourish 


the year, suggesting to 
Dillebay’s team that 
the Monte Verdeans 
‘were intimately famil- 
iar with coastal re- 
sources—possibly 
because they had orig- 

inally arrived in the 
region via that route. Erlandson agrees: “The 
variety of seaweeds implies a pretty deep 
knowledge of coastal ecosystems and a long 
history of exploiting them.” 

‘Yet the people of Monte Verde also con- 
sumed a wide variety of inland plants, 
including wild potatoes. “There is logic 
on the side of a coastal route,” says 
Sandweiss, but “it’s impossible to say as 
yet” whether these ancient people might 
inave arrived overland and discovered the 
bounties of the sea later. Dillehay concedes 
that this issue is unresolved: “Monte Verde 
just raises more questions and issues,” he 
says. “Weneed more data.” 

MICHAEL BALTER 
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GENOMICS 


Genome Speaks to Transitional Nature of Monotremes 


Zoologists have always thought thatthe platy- 
ppus was a missing link in the chain between 
reptiles and mammals. The furry beaverlike 
‘mammal lays small, round, leathery eggs from 
1 reptilelike cloaca, and the hatchlings slurp 
milk from modified sweat glands off the 
mother’s stomach. Now an analysis of the 
genome reveals how platypus DNA is also an 
amalgam of mammalian and reptilian features. 
‘Wes Warren of the Genome Sequencing Cen- 
ter at Washington University in St.Louis, Mis- 
souri, and 100 authors describe these features 
in the 8 May issue of Nature. 

“Manimals divide into three groups. Most— 
from whales to shrews—are eutherians with 
highly developed placentas. Some are marsu- 
pials, which, like kangaroos and opossums, 


Scales, feathers, then fur. As 3 monotreme, the 
platypus (above) represents a separate, alder branch 
of the mammalian family ree and has avian- and 
‘eptiianlike genetic Features. 


give birth to and then provide milk for imma- 
‘tre young outside the womb. The platypus and 
its cousins, the echidnas, are all that remains of 
the monotremes, which branched from the 
‘marsupials and eutherians some 166 million 
vyears ago. “If there is something between rep- 
tiles and mammals, it’s monotremes,” says 
Stephen O'Brien of the US. National Cancer 
Institute in Frederick, Maryland. 

‘The new genome sequence confirms the 
ancient split between monotremes and other 
‘mammals, “It's missing part ofthe big evolu- 
tionary genetics puzzle,” O”Brien adds. 

‘The clearest traces of the journey from rep- 
tile to mammal come from tracking the yolk 
and milk genes. Chickens have three vitel- 
logenin egg yolk genes; the platypus has just 
one left. But the casein milk protein genes that 


mammals have but reptiles don’t are all there. 
And just as in other mammals, in platypus, 
they are clustered next to the tooth enamel 
genes from which they are thought to have 
evolved, the researchers report. 

‘The story of the platypus’ march away from 
the reptilian world is also told in the sex chro- 
mosomes. According to Jenny Graves of the 
Australian National University in Canberra, 
sex chromosome-wise, “they do it like a 
chicken.” Typically, male mammals have 
X and Y sex chromosomes, with the Y chro- 
mosome carrying a male sex-determining 
gene called SRY. Male birds have two Z chro- 
‘mosomes, which carry a gene called DMRT1 
that is involved in male gender determination 
in fruit flies, humans (although it's not on 


the ¥ chromosome), and, most likely, birds. At 
first, cytologists thought the platypus was like 
the mammal: Ithhad X and ¥ chromosomes, 
albeit five pairs of them, and it was thought that 
they were essentially humanlike. Then in 
2004, Graves’ lab discovered that one of these 
“X” chromosomes carried DMRTI. The 
genome sequence now shows that one of the 
platypus X chromosomes (X5) has more than 
{just that one bird gene: It's almost entirely 
‘equivalent to the chicken Z chromosome. “We 
suspect DMRTI is involved in the platypus sex 
determination,” says Frank Griitzner, Graves’s 
former postdoc, who now heads a lab at the 
University of Adelaide in Australia. 

Gene regulation also seems to be more 
primitive, as platypus genes do not show 
parental imprinting. In marsupials and euthe- 


rans, imprinted genes are dialed to different 
settings and sometimes shut down altogether, 
depending on whether they originated from 
the male’s sperm or the female’s egg. 
According to Andrew Pask and Marilyn 
Renfree of the University of Melbourne, the 
distribution of repetitive DNA elements in 
this monotreme may explain the difference. 
As in other mammals, about 50% of the 
platypus genome is comprised of repetitive 
DNA. But although these repeats pepper 
imprinted genes in marsupials and man, they 
are largely absent from the equivalent genes 
in platypus. “Repetitive elements may have 
been useful for establishing imprinting in the 
other mammals,” Pask suggests. 

‘Another feature the platypus shares with 
reptiles is that it makes venom, which it deliv- 
es fom a hind leg spur. The genome analysis 
indicates that, like snake and lizard venom, 
platypus venom appears to have evolved from 
‘antimicrobial genes known as defensins. How- 
ever, according to Kathy Belov of the Univer- 
sity of Sydney, the platypus genes 
evolved independently. 

‘A big surprise is the platy- 
pus’s large endowment of a par- 
ticular class of vomeronasal 

receptor genes—about 1000 of 
them—based on the analysis by 
Doron Lancet and Tsviya Olender of the 
Weizmann Institute in Rehovot, Israel. “A 
typical mammal has a couple of hundred of 
them,” says Lancet. Unlike olfactory recep- 
tors, which detect only airborne compounds, 
these receptors are more like nasal taste buds, 
able to detect nonvolatile compounds. For 
instance, dogs taste pheromones in urine by 
touching their tongue to the vomeronasal 
organ in their upper palate. Because the platy- 
pus spends 90% of its time in water, Lancet, 
‘speculates that the platypus uses these recep- 
tors for detecting water-soluble odorants. 

“Looking at the venom, egg, and milk 
‘genes is really interesting, but as with compar- 
isons between opossum, mouse, and human 
‘genomes, the protein-coding sequences don’t 
‘explain the interesting developmental transi- 

tions,” notes John Mattick of the University of 2 
Queensland in Brisbane, Australia. Differ~ § 
‘ences in gene regulation, most likely, provide 
the answer, And in this respect, the platypus 2 
researchers still have their work cut out for 
them, he adds: “[Gene regulation] information Fy 


is there but is not yet understood.” 
EUZABETH FINKEL = 
TinbetnFinilicawrterinmeboune, aaa, = 
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EVOLUTION IN THE SCHOOLS 


States Push Academic Freedom Bills 


If creationism is a mutating virus, as many 
educators believe, then its latest guise is leg- 
islation to protect “academic freedom.” 

Politicians in five US. states are pushing 
bills to enable educators to teach altematives 
to evolution by protecting their “right” to dis- 
cuss with students the idea of intelligent 
design (ID). Last week, scientists in Florida 
heaved a sigh of relief when the state legisla- 
ture adjourned without reconciling differing 
versions of a bill seen as promoting ID. Sim- 
ilar legislation appears to have a good chance 
of passing in Louisiana, however, and is gath- 
ering steam in Missouri, Bills have also been 
introduced in Alabama and Michigan. 

‘The language in the bills is modeled on a 
statute drafted by the Discovery Institute in 
Seattle, Washington, a prominent ID think 
tank. “They provide a permission slip for 
teachers to teach creationism—as long as its 
called ‘science, ” says Eugenie Scott of the 
National Center for Science Education in 
Oakland, California. “If any one of them 
passes, it s going to be very encouraging to 
creationists in other states.” Backers are hop- 
ing fora lift from a current movie with actor 
Ben Stein, called Expelled, that accuses sci- 
entists of silencing those who question evolu- 
tionary theory. 

In Florida, ID supporters lobbied for a 
bill that would protect teachers from being 
“disciplined, denied tenure, terminated, or 
otherwise discriminated against for objec- 
tively presenting scientific views regarding 
biological or chemical evolution.” On 

£ 23 April, the state Senate passed it by a vote 
3 of 21 to 17. But the House sponsor, D. Alan 
Hays, replaced the Senate language with a 
single line that instead would require public 
schools to provide “a thorough presentation 
and critical analysis of the scientific theory 
of evolution.” Hays’s legislative assistant, 
Tiffany Rousseau, told Science that the 
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change was made due to fears that confer- | 


ring protection upon teachers “might | 
be unconstitutional.” 

On 28 April, the House voted 71-43 in 
favor of Hays’s legislation. But attempts at 
reconciliation failed. Senator Ronda 
Storms, who sponsored the bill, told the | 
Florida Baptist Witness that “the House | 
vehicle [had] veered off of the sure path to 
our destination.” 

In Louisiana, state senators voted unani- 
mously that the state school board should 


promote “open and objective discussion of | 


scientific theories ... including, but not lim- | 
ited to, evolution, the origins of life, global | 
warming, and human cloning.” A House | 
committee was expected to take up the meas- | 
ure this week. 

“It has been difficult to rally opposi- 
tion,” says Barbara Forrest, a philosopher at 
Southeastern Louisiana University in Ham- 
mond. Forrest and other educators have 
formed the Louisiana Coalition for Science | 
in a bid to block the legislation. Backers of 
the bill include the conservative Louisiana | 
Family Forum. 

Groups opposed to teaching creationism | 
are likely to challenge any proposal that 
becomes law. But they would prefer to defeat | 
the movement earlier. “One can reasonably 
conclude that the freedom [these bills] are | 
trying to empower teachers with isto present | 
the same material that was found unconstitu- 
tional in the Dover case, namely intelligent | 
design,” says Eric Rothschild, who repre- 
sented the plaintiffs in their suit against the 
Dover, Pennsylvania, school board (Science, | 
6 Famuary 2006, p. 34). But mounting a judi- | 
cial challenge could be a costly and time- | 
consuming process, Rothschild warns: “Its | 
always better for bad laws to be avoided by 
legislators themselves” 

~YUDHIIIT BHATTACHARIEE 


JIENCE SCOPE 


FDA Drops Helsinki Rules 

Drug companies doing clinical trials outside 
the United States wil no longer have to follow 
long-standing international ethical guidelines 
to pass muster with the U.S. Food and Drug 
‘Administration (FDA). Agency officials say that 
the Declaration of Helsinki, adopted in the 
1960s, favors available treatments over place- 
bos, wich FDA prefers in some circumstances. 
‘The periodic amendments to the declaration 
could create confusion among drug companies, 
they add. “We're saying that our regulations 
should not depend on any documents outside 
cour control,” says FDA's Rachel Behrman, 

In citicizing FDR's decision last week to 
reject the declaration, Peter Lurie of Public 
Citizen, a public interest group in Washington, 
D.C, says the agency is sending a message 
that the United States is exempt from inter- 
national guidelines. JENNIFER COUZIN 


The Next Lyme Battle 


‘The Infectious Diseases Society of America 
IDSA) is bracing for a new public review of its 
stance on Lyme disease now that Connecticut 
‘Attorney General Richard Blumenthal has 
ended an investigation of alleged financial 
conflicts, The society has opposed as danger 
us the long-term use of antibiotics, a prac- 
tice favored by some activists and doctors. 

Last week, Blumenthal agreed to drop an 
18-month probe in return for IDSA’s promise 
to reconsider its treatment guidelines. Disease 
activists had faulted IDSA members for taking 
fees from insurance companies, “We hope 
llast week's settlement] clears the air,” says 
IDSA spokesperson Steven Baragona. The soci- 
ety’s next step is setting up a panel of certi- 
fied conflict-free experts who will reconsider 
the 2006 guidelines. ~ELIOT MARSHALL 


Clearing the Air 


[New York City officials heard a plea last week to 
‘tum back an attempt to control the proliferation 
of environmental monitoring devices, Pending 
legislation that would require users to obtain a 
permit and give the police department broad 
powers of enforcement isa bad idea, environ- 
‘mental and public health organizations and 
universities told a city council panel. Exempting 
devices used for teaching, research, and indus- 
trial hygiene would help, they said, although 
retaining emergency autharity to confiscate 
instruments might still impede science. 

The bill is an attempt to keep trackof 
devices that might provide early warning of 
terrorist attacks and to prevent false alarms. 

ELSA YOUNGSTEADT 
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INTELLECTUAL PROPERTY 


Chinese Province Crafts Pioneering 


Law to Thwart Biopiracy 


GUIYANG, CHINA—Two years ago, a Chinese 
company hit upon a winner, The company 
planned to market kind of sweet, sticky rice 
that Kam (Dong) people have cultivated for 
generations, without using chemical pesti- 
cides or fertilizers, on the terraced hillsides 
of southern China's Guizhou Province. That 
‘was the beginning of an entrepreneurial suc- 
cess story—especially for the Kam. Provin- 
cial legal experts intervened, helping Kam 
chieftains trademark the rare organic rice 
varieties and forcing the company and others 
to negotiate deals to return a percentage of 
profits to the Kam, 

Guizhou officials are now hoping to build 
on this concept and head off any future 
attempts at “biopiracy”—the plunder of natu- 
ral resourees—by enshrining the protection 
of indigenous knowledge into law. Guizhou 
Intellectual Property Office (GIPO) in 
Guiyang, the provincial capital, has dis- 
patched experts to enclaves of Kam, Hmong 
(Miao), and other ethnic minorities to assem- 
ble a compendium of know-how—from 
‘medicinal plants to embroidery techniques— 
that may merit legal protection. Such commu- 
nities were ance isolated and had no need to 
worry about theft of their traditional know!- 
edge, says Long Yu-Xiao, director of the Chi- 
nese Institute for Indigenous Knowledge and 
Culture Property at Guizhou University in 
Guiyang, Globalization has changed that, he 
says. “Pandora's box is open.” 

Long and other experts are helping GIPO 
draft China's first legislation that would treat 
indigenous knowledge as intellectual prop- 
erty (IP). Their inspiration is the 15-year-old 


Convention on Biological Diversity, or biodi- 
versity treaty, which seeks to balance innova- 
tion with the protection of biodiversity and 
fair compensation for traditional knowledge 
sources. “The legislation is not idealism, it's 
not romantic. It’s realistic.” says Li Fayao, 
Long’s deputy and a researcher at the 
Guizhou Academy of Social Sciences. The 
focus is not on future scientific finds but on 
“actual circumstances in this province.” 

The effort is one facet of China’s ambi- 
tious drive to bring its feeble and patchy 
enforcement of IP rights into line with inter- 
national norms. Later this month, the State 
Intellectual Property Office is expected to 
release a national IP strategy that would 
strengthen rights of both domestic and for- 
eign companies as well as increase penalties 
for piracy. And the Supreme People’s Court 
last month announced that foreign experts 
will now be permitted to testify in patent- 
inftingement cases involving foreign parties. 

But by spinning 2 legal web of protection 
around indigenous know-how, Guizhou 
would enter uncharted waters for China. 
“Guizhou is regarded as an undeveloped 
province. Its scientific level is relatively low, 
but it’s rich in traditional knowledge. Because 
we lack the means to turn knowledge into 
innovation, we have to protect the knowledge 
for future development,” says GIPO vice- 
director An Shouhai, who trained as a plant 
physiologist and who initiated the legislation. 

Other countries have made similar 
attempts to reconcile indigenous know-how 
and IP rights. But Guizhou is an interesting 
test case, says Shalini Bhutani, an environ- 


mental lawyer based in New Delhi for 
GRAIN, a nonprofit. Hmong, for instance, 
live in Laos, Thailand, and Vietnam. “What 
happens with shared knowledge across bor- 


ders?” she asks. Guizhou’s effort is also 
timely, asthe issues provincial authorities are 
‘grappling with are atthe heart of negotiations 
‘over a global regime for sharing traditional 
knowledge benefits that will be discussed 
later this month at the 9th conference of par- 
ties to the biodiversity treaty in Bonn, Ger- 
many. Conferees aim to devise policies that 
‘would achieve a target agreed to 6 years ago: 
toreduce the rate of biodiversity loss by 2010. 

IPO plans to present its legislation for 
approval in the provincial People’s Congress 
by the end of the year. First, however, legal 
experts must settle a thorny issue: Which 
forms of indigenous know-how should be 
tueated as IP? It's a tricky balancing act. “If 
the protection is too narrow, indigenous 
people may choose not to share their know- 
‘edge or know-how. Then everybody loses,” 
says Zang Xingdong, a law professor at 
Guizhou University. 

‘The Kam rice experience hashelpedshape 
Guizhou’s draft legislation. Although most 
Kam farmers over the years have switched to 
the more common Indica rice, farmers in two 
counties—Li Ping and Cong Jiang—have 
stuck with their traditional varieties. “These 
villages have the last Kam sweet rice gene 
pool,” says Long. “They have been able to 
preserve their varieties against genetic con- 
tamination from Indica strains” 

By helping Kam chieftains register a § 
trademark for “Kgoux Bagx Dang]” rice, 8 
Long's group gave the farmers leverage over © 
‘companies that wanted to market the rice. “Of 
course the companies resisted” Long says. 8 
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Shared heritage. Who should on the rights to 
rare rice varieties in Guizhou's terraced hills, or to 
Hmong costumes? 


“But once the Kam acquired this right, they 
could get capital and work with an outside 
company without being dominated. They had 
the power to negotiate.” To distribute any 
income from a marketing deal, Long’s group 
‘used a new national law on rural development 
tohelp Kam farmers organize a cooperative. 

Guizhou’s draft legislation is, in part, a 
patchwork of statutes from existing laws on IP, 
ethnic minorities, and rural development 
“We're taking statutes and integrating them in 
a creative way to build a new legal frame- 
work,” Long says. A key task has been to 
define the legal concept of traditional know!- 
edge to the exclusion of other legal concepts 
that are already protected. “Not all traditional 
knowledge must be protected” An says. Exist- 
ing legal regimes cover the protection of cul- 
tural refics—legally defined as objects of cul- 
tural value made before 1966—and species. 

GIPO is putting a heavy emphasis on 
indigenous medicines. One test case is a 
medicinal grass called guanyin cao that 
“Hmong use to treat coughs 
and colds, Like many tra- 
ditional Chinese medicine 
(TCM) remedies, guanyin 
cao is brewed as a tea. Ifa 
company were to identify 
the active ingredient and 
develop it as a drug, the 
innovation would win 
patent protection and the 
source of know-how could 
end up empty-handed 
“Companies can mis- 
appropriate traditional 
knowledge by taking ad- 
vantage of loopholes in the existing legal 
regime,” says Long. Many prescriptions in 
other countries are based on open publica- 
tions of TCM ingredients. “In these 
instances, there’s nothing we can do about it; 
the law cannot protect the original TCM,” 
says An. But Guizhou has a window of 
opportunity to protect the lesser known, 
‘medicines of the Hmong and Kam. “That's 
why we are taking action and working on 
this pioneering legislation,” Long says. 

‘The Guizhou legislation would ensure that 
any innovation based on traditional know-how 
‘would retum a portion of profits to the source 
§ of the knowledge. That principle isnot contro 
§ versa although itmay take some creativity 
§ figure out how best to divvy up royalties 
& “One difficulty is how to divide IP rights. Do 
§ they belong to the community, the collective?” 
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asks Lei Xiuwu, director of the Ethnic 
Research Institute in Kaili. “An IP system 
inherently based on private rights may not 
have solutions for the ‘protection’ of tradi- 
tional knowledge, which is a shared heritage.” 
adds Bhutani. 

Butthe draft legislation may go furtherand 
provide legal protection to ancient wisdom— 
such as the Hmong'’s insight in the use of 
_guanyin cao to treat cough. Guizhou's experts 
are struggling to determine where to draw the 
Tine: what is unique, and what kind of protec- 
tion it should be afforded. Another issue is 
‘whether to regard customs and handicrafts as, 
IP. “In a narrow sense, traditional knowledge 
only means traditional scientific knowledge. 
But our understanding is that it also includes 
traditional culture," says An. 

Ina courtyard on a misty hilltop in Nan- 
hua, a village in the Hmong heartland in 
southeastern Guizhou, several young women 
wheel in syne around a tall wooden totem 
devoted to a butterfly god. They execute 
sgracefal dips and pirouettes under the weight 
of several kilograms of silver jewelry and 
‘ornaments, including elaborate headdresses. 
‘A trio of young men steps to the fore, playing 
a Hmong ballad on bamboo flutes 
called fusheng. Hmong have worn 
these hand-embroidered gar- 


“Because we lack the 

means to turn knowledge 
into innovation, we have 
to protect the knowledge 


for future development.” 
—AN SHOUHAI, 

GUIZHOU INTELLECTUAL 
PROPERTY OFFICE 


ments, danced these dances, and played and 
ssung these songs at festivals since time imme- 
‘morial. But is the living tradition [P? GIPO 
thinks so. “All these deserve protection as tra- 
<itional knowledge.” says An. 

As Lei notes, many museums outside 
China purchased Hmong dresses decades 
ago. “But legally acquiring a dress does not, 
mean you own the traditional knowledge. 
‘You cannot say the information belongs to 
that museum. We have to protect the infor- 
mation,” he says. “There is no easy for- 
mula,” adds Long. 

If Long and his colleagues succeed, 
knowledge may not mean power for 
Guizhou’s indigenous peoples, but it might 
help ensure their survival—or even prosper- 
ity—in today’s global village. 

RICHARD STONE 
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Korea Targets Basic Science 
‘Worried about a widening deficit in high-tech 
trade, South Korea's President Lee Myung-bak 
said lat week that he wants overall research 
spending to rise from 3.2% to 5% of the 
‘country’s gross domestic product by 2022. 
Insiders say his Administration, which took 
office in February, wants to lead the way by 
doubling government spending. 

The government currently funds about 
one-fourth ofthe $30 billion now spent on 
research, Private-sector spending is targeted at 
applications, and 75% of government spend- 
ing goes to applied areas, Officials inthe Lee 
‘Administration hope to make basic research 
half of the government's overall patfatio, Yu 
Hee-Vol, chair of the governmental Korea 
Research Council of Fundamental Science & 
Technology, says the country's scientists and 
‘engineers are “very excited about” the new 
funding targets -~DENNIS NORMILE 


Solar Sensor Back on Board 


‘Akey climate sensor has been restored to the 
$12 billion National Polar-Orbiting Opera- 
tional Environmental Satelite System 
(NPOESS). The Total Solar Irradiance Sensor 
(1S) had been removed along with four 
other key climate sensors in 2006 when the 
Pentagon restructured the program (Science, 
31 August 2007, p. 1167). But lawmakers and 
officials who run NPOESS vowed to fix the 
problem, and last week, managers announced 
that the sensor will ly on the first NPOESS 
mission in 2013, 

“t's fabulous,” says space scientist Judith 
Lean ofthe Naval Research Laboratory in Wash- 
ington, D.C. The lat scheduled flight for the 
sensor had been as part of a NASA payload in 
2010. Lean says it's important for TSIS missions 
10 overlap for proper calibration. “Without that 
important [solar] record, the whole climate field 
‘sup for speculation,” she says. “ELI KINTISCH 


Not So Presidential 


‘The 99 winners of the annual Presidential 
‘Aweard for Excellence in Mathematics and Sci- 
ence Teaching came to Washington, D.C., last 
‘week to be feted and to learn about federal 
efforts to improve science and math educa- 
tion. But for only the second time in his 8-year 
term, neither President George W, Bush nor 
hiswife, Laura, hosted them at the White 
House. Coincidentally, the visit overlapped 
‘with a symposium in which academic and 
industrial leaders bashed the government for 
its inadequate support of science (see p. 728). 
JEFFREY MERVIS 
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The Roots of Morality 


Neurobiologists, philosophers, psychologists, and legal scholars are probing the nature of human 
morality using a variety of experimental techniques and moral challenges 


A team of psychologists recently asked 
dozens of college students to consider sev- 
eral morally charged situations. In one, a 
friend lies on his résumé to land a job; in 
another, survivors of a plane crash con- 
sider cannibalizing an injured boy to avoid 
starvation. Students who pondered these 
hypothetical scenarios while sitting ata 
filthy desk with sticky stains and a 
chewed-up pen rated them as more 
immoral than did students who sat at a pris- 
tine desk. in another version of the experi- 
‘ment, a nearby trash can doused with nov- 
elty fart spray had a similar effect. The 
findings, in press at Personality and Social 
Psychology Bulletin, demonstrate that 
emotions such as disgust exert a powerful 
influence on moral judgments, even when 
they are triggered by something unrelated 
to the moral issue, says study co-author 
Jonathan Haidt, a psychologist at the Uni- 
versity of Virginia, Charlottesville. 

Haidt is one of a growing number of 
researchers taking an experimental 
approach to investigating the nature of 


human morality. The field has drawn prac- 
titioners from diverse backgrounds includ- 
ing philosophy, psychology, and neuro- 
science. They don’t always see eye to eye, 
but they are united in their belief that the 
scientific method will yield fresh insights 
into questions that have vexed philoso- 
phers for centuries, 

One area of intense interest is the 
interplay of emotion and reason in moral 
decision-making. Haidt argues that people 
rely on gut reactions totell right from wrong 
and employ reason mainly when they try to 
justify their intuitions after the fact, not 
unlike an art museum visitor who is struck 
by the beauty of a painting but struggles to 
explain why. Not everyone accepts this, 
view, but other researchers do see evidence 
that moral judgments are surprisingly auto- 
matic. “I think there is an emerging consen- 
sus that things happen pretty quickly and 
that explicit conscious reasoning is not 
where the action is,” Haidt says, 

This automaticity hasledsome researchers 
to suggest that the human brain has built-in 


‘moral instincts. Cognitive neuroscientists are 
already hunting for the underlying neural 
mechanisms. At the same time, psychologists 
and anthropologists are searching for evi- 
<dence of universal moral principles shared by 
all people. Others are interested in how 
morality differs from culture to culture. They 
‘are using techniques that include brain imag- 
ing and online questionnaires to probe the 
roots of morality, and some researchers are 
viewing the development of moral principles 
through the lens of evolution. 

The work is likely to yield a better 
understanding of our moral intuitions and 
where they come from, says Walter Sinnott- 
Ammstrong, a philosopher at Dartmouth Col- 
lege. Philosophers, from the ancient Greeks 
on, have tried to answer these questions 
‘mainly through introspection, an exercise that 
has often amounted to seeking new argu- 
ments for a previously held conviction, says 
Sinnott-Armstrong, who has recently begun. 
some experimental work of his own. “One 
thing that's fascinating about science is you 
don’t know where you're going to end up.” 
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Dissecting moral cognition 
‘Two 18th century thinkers have had a huge 
influence on moral philosophy: David Hume, 
a Scotsman, who argued that passions drive 
‘moral judgments, and Immanuel Kant, a Ger- 
‘man, who countered that dispassionate reason 
is, or ought to be, the driving force. The clash 
between these two philosophical titans still 
reverberates today. 

Lately, Hume seems to be gaining an 
edge, thanks to the work of Haidt and others. 
In.an influential 2001 paper in Psychological 
Review, Haidt describes an experiment in 
which he and colleagues asked people to 
consider a hypothetical situation involving a 
brother and sister who decide to have sex. 
They use two forms of birth control, enjoy 
the experiment, but decide not to do it again. 
Most people took little time to condemn the 
siblings’ actions as morally wrong but then 
struggled when pressed to explain why. After 
all, there was virtually no chance of concep- 
tion and the vignette had made it clear that 
the siblings were not emotionally scarred by 
the experience. Many of the volunteers even- 
tually resorted to an explanation along the 
lines of “I just know it’s wrong.” If people 
were reasoning their way to an opinion, 
Haidt argued, they wouldn’t be so dumb- 
founded when asked to explain it. 

In more recent work, Haidt has investi- 
gated whether manipulating emotions can 
alter moral judgments. The messy desk 
experiment suggests that it can, as does an 
earlier study in which Haidt and then 
graduate student Thalia Wheatley used hyp- 
notic suggestion to trigger a wave of disgust 
in volunteers as they read vignettes about 
morally dubious behavior. Volunteers issued 
harsher moral judgments for vignettes con- 
taining a cue word that triggered the hyp- 
notic suggestion than they did for an alterna- 
tive version with slightly different wording, 
Wheatley and Haidt reported in 2005 in 
Psychological Science. 

Disgust even raised people's 
moral suspicions when the act 
described was innocuous. One 
scenario described a student 
council member picking topies 
for faculty-student discussions. | 
When this vignette contained 
the disgust-triggering cue word, 
subjects rated the student’s | 
activities as less morally appro- | 
priate “Itjustseems like he'sup_| 
tosomething,” one wrote. 

Other evidence that emo- 
tions guide moral judgments 
comes from work with people 
who've suffered damage to 


brain regions that mediate emotion. Ina 2007 
paper in Nature, a team led by Michael 
Koenigs of the University of Iowa, Iowa City, 
and Antonio Damasio of the University of 
Southern California in Los Angeles reported 
that people with damage to the ventromedial 
prefrontal cortex made abnormal judgments 
on hypothetical moral dilemmas that forced 
them to consider whether it was permissible 
to sacrifice the life of one persom to save sev- 
eral others. These scenarios included vari- 
ants of the so-called trolley problem, a 
favorite tool of morality researchers. One 
version puts the subject behind the wheel ofa 
runaway trolley headed toward five hapless 
workers: the only way to save the five is to hit 
‘a switch on the dashboard that would divert 
the trolley to a track with just one worker. 
Healthy volunteers and lesion patients alike 
tended to say this was acceptable. The two 
groups differed, however, on a more emo- 
tionally charged version of the dilemma in 
which the only way to save the five is to 
shove a large man off a footbridge to stop the 
runaway trolley. Although the same utilitar- 
ian logic applies—kill one to save five— 
healthy subjects found this option harder to 
stomach: only about 20% said it would be 
permissible. But twice as many of the brain- 
damaged subjects said they would shove the 
man, suggesting that their damaged emo- 
tional circuitry made them unusually likely 
to pick the utilitarian option. 

Jorge Moll, a neuroscientist at Labs D'Or 
Hospital Network, a private medical and 
research institute in Rio de Janeiro, Brazil, 
views the ventromedial prefrontal cortex as 
part of a network of brain regions underlying 
“prosocial sentiments” such as guilt and com- 
passion. Moll and colleagues reported last 
year in Social Neuroscience that this brain 
region is activated by viewing morally evoca- 
tive photographs, such as ones of a hungry 
child, even when no judgment is required. Ina 


Philosophical difference. Nev stucies tend to support the view of David Hume (eft) 
that emotions drive moral judgments; Immanuel Kant (right) argued that reason 
should be the driving force. 
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2006 paper in the Proceedings of the National 
Academy of Sciences (PNAS). he and others 
reported that the same region is activated 
when volunteers elect to donate money to 
charity. Moll views prosocial sentiments as 
the core of morality and thinks they arose 
from ancient mechanisms that evolved to 
enable our ancestors to form social attach- 
ments and cooperative groups. 

‘The Koenigs study contains hints that emo- 
tions aren't the entire story, however, says cO- 
author Mare Hauser, a cognitive scientist at 
Harvard University. He points out that the 
Jesion patients still made normal judaments in 
‘many situations, particularly regarding dilem- 
‘mas that didn’t tag at the emotionsand “easier” 
ones that are emotionally charged but elicit 
strong consensus among healthy subjects — 
that its wrong, for example, to earn money to 
feed your family by allowing your young 
daughter to appear ina pornographic film, even 
in hard times. “That rules out the strong version 
of the hypothesis that emotions are causally 
necessary for making [all] moral judgments,” 
Hauser says. “That just can’t be right.” 


Don’t get all emotional 

An altemative view, championed by Joshua 
Greene, a cognitive neuroscientist and 
philosopher at Harvard, is that when people 
grapple with moral dilemmas like the trolley 
problems, emotion and rationality duke it out 
in the brain. In Greene's view, the key differ- 
ence between flipping the switch and shoving 
the man off the footbridge is that the latter 
evokes a negative emotional reaction that 
overrides cold utilitarian logic. 

Ina 2001 Science paper, Greene, then a 
postdoc with Jonathan Cohen at Princeton 
University, and colleagues reported that the 
medial frontal gyrus and other brain regions 
linked to emotion become more active when 
people contemplate “personal” moral dilem- 
‘mas—such as shoving the man onto the trol- 
ley tracks or removing a man’s 
organs against his will to save 
five transplant recipients— 
compared with when they 
‘weigh impersonal moral dilem- 
mas—such as flipping a switch 
to save the workers or declaring 
bogus business expenses on a 
tax return. These impersonal 
dilemmas preferentially acti- 
vate a different set of brain 
regions thought to contribute to 
abstract reasoning and problem 
solving, Greene and colleagues 
reported in a follow-up study, 
published in 2004 in Neuron. 

Based on these findings, 
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Moral dilemma. 's it morally acceptable to redirect a 
runaway trolley car hurtling toward five workers onto a 
‘track with just one worker? How about pushing a man 
off a footbridge into the path ofthe trolley to stop it 
before it hits the hapless workers? Most people say 
they would sacrifice one life to save five in the first 
scenario but not the second. n this case, emotion may 
‘rump utilitarian logic. 


Greene envisions a tug of war 
between emotion and cognition in the 
brain: Emotions tell us we'll feel ter- 
rible if we push the man; cognition 
says: Push him! Five is greater than 
one. Greene suspects that the arbiter 
in this conflict may be a brain region 
called the anterior cingulate cortex. 
Previous studies have found that this 
region fires up when people wrestle 
with many types of internal conflicts, 
and it did so when subjects in 
Greene's study faced particularly dif- 
ficult moral dilemmas. 

Ina recent study that mirrors 
Haidt’s work with manipulating emo- 
tion, Greene and colleagues had col- 
lege students evaluate moral dilem- 
mas while grappling with an extra 
cognitive burden: searching fora par- 
ticular number in a string of charac- 
ters scrolling across a computer 
screen. The extra cognitive work 
slowed response times when students, 
‘made utilitarian judgments but not 
emotional ones, the researchers 
report in an upcoming issue of Cogni- 
tion. Greene sees the study as evi- 
dence that cognition is an important 
part of moral decision-making. 


Getting off track? 

Some researchers see the trolley prob- 
Jems as oo artificial. “We don’thavea 
lot of faith in using these esoteric 
examples.” says Jordan Grafman, a 
cognitive neuroscientist at the 
‘National Institute of Mental Health in 
Bethesda, Maryland. The situations 
are so far-fetched that Grafman and 
others question whether they really 
engage the neural mechanisms 
involved in everyday moral reasoning. 
Everyday moral reasoning is likely to 
involve a memory component that’s 
missing in Greene's account, Grafiman 
says. “More ofien than not, we take a 
situation we've experienced in the past. 
and compare it to the new one,” he 
says. Brain-imaging studies done with 
more realistic scenarios might catch 
‘some of the underlying neural mecha- 
nisms, says Grafiman, who is gearing 
up to do such an experiment in collab- 
oration with Ralph Adolphs and col- 
leagues at the California Institute of 
‘Technology in Pasadena, who have 
been collecting hundreds of real-life 
moral dilemmas experienced by peo- 
ple of different ages, education levels, 
and socioeconomic backgrounds. Ina 


paper published online by Science this week 
(www.sciencemag.org/egi/content/ 
abstract/1153651), researchers led by Ming 
Hsu, now at the University of Hinois, Urbana- 
‘Champaign, and colleagues at Caltech report 
taking a different approach: scanning the 
brains of volunteers as they tried to decide the 
fairest way to distribute donations toa real-life 
Ugandan orphanage. 

‘At the same time, some researchers argue 
that the emphasis on emotion and reason is 
too simplistic, akin to placing the ghost of 
Hume in one network of brain regions and 
the ghost of Kant in another. “It’s like they 
take 18th century categories and try to do 
2st century science,” says John Mikhail, a 
Jegal scholar at Georgetown University in 
Washington, D.C. Mikhail, Hauser, and oth- 
ers point out that before emotion and reason 
can evaluate a given situation, the brain has 
to first answer questions such as who did 
what to whom, whether someone got hurt, 
and whether the harm was intentional. 

For example, most people would con- 
demn someone who tried to poison a friend's 
coffee but accidentally stirred in sugar 
instead of poison. It's the bad intention that 
matters, not the outcome. To investigate how 
the brain makes such distinctions, Hauser 
and Harvard graduate students Liane Young 
and Fiery Cushman recently teamed up with 
Rebecca Saxe, a cognitive neuroscientist at 
the Massachusetts Institute of Technology 
(MIT) in Cambridge. When volunteers read 
vignettes about intentional and unintentional 
harms, activity increased in the right tem- 
poroparietal junction (RTPI), a brain region 
involved in sussing out other people's inten- 
tions. RTPJ activity was greatest for cases 
like the bungled poisoning in which some- 
one tried but failed to inflict harm, the 
researchers reported last year in PNAS. 

At last month's meeting of the Cognitive 
Neuroscience Society, Saxe and Young 
reported that interfering with RTPJ activity 
using a noninvasive method called trans- 
cranial magnetic stimulation caused people 
to downplay intentions and, for example, 
judge the attempted poisoning less harshly 
because ultimately no harm was done. Such 
findings demonstrate that the cognitive con- 
tributions to moral judgments aren't limited 
to the weighing of harms that’s emphasized 
by trolley problems, Saxe says. Understand 
ing intentions is another crucial component, 
and the RTPJ findings begin to hint at the 
neural mechanisms involved, she says. 


A moral grammar 
‘Some morality researchers see parallels in 
the study of language, particularly the 
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influential work of MIT linguist Noam 
‘Chomsky, who has argued that humans have 
an innate capacity for language and that all 
Janguages share common principles—a uni- 
versal grammar. Could there be an analo- 
gous moral capacity in the human brain and 
‘a universal moral grammar? 

“Mikhail began pondering these questions 
as a philosophy graduate student, during a 
year he spent working with Chomsky at MIT. 
‘To investigate, he administered trolley prob- 
Jems and other moral dilemmas to different 
groups of people, including 
children and people from non- 
Western cultures. [f there is 
universal moral grammar, he 
reasoned, factors such as gen- 
der, age, education level, and 
cultural background should 
have little influence on the 
judgments people make. Pre- 
Jiminary results pointed in that 
direction, and Mikhail’ initial 
work has been expanded 
and confirmed by Hauser, 
Cushman, and Young, who 
developed an online Moral 
Sense Test (moral.wjh-har- 
vard.edu) that has been taken 
by more than 200,000 people 
from 120 countries. Chinese, 
‘Spanish, and Dutch versions are 
now up and running as well, and Hauser is col- 
laborating with several anthropologists to 
gather similar data from remote indigenous 
populations in Guatemala, Papua New 
Guinea, Tanzania, and Bolivia. It’s work in 
progress, Hauser says, but so far “it looking 
like there’s a lot of similarity across widely 
different cultures.” 

Mikhail, meanwhile, has been studying 
Tegal texts for clues to what the elements of a 
‘universal moral grammar might be. “The law 
is the one institution in most societies that's 
responsible for the practical matter of solv- 
ing day-to-day moral problems that arise,” 
Mikhail says. “The rules of law that have 
evolved over time, to my mind, are a really 
good first approximation of the unconscious 
rules that people use in moral judgments.” 


Flavors of morality 

Although harm and fairness have been the 
focus of most research so far on the psychol- 
ogy and neuroscience of morality, some 
researchers think there’s more to the story. 
‘Haidt argues for five psychological founda- 
tions of morality: He inchides harm and fair- 
ness and adds loyalty, respect for authority, 
and spiritual purity (Science, 18 May 2007, 
p. 998). Other scholars have proposed lists 


of universal aspects of morality, and Haidt 
identified his five by trying to work out 
what they all had in common. He hypothe- 
sizes that all five exist in every culture but 
are emphasized to varying degrees. “I see 
them as being much like the five kinds of 
taste buds,” he says. “If you go around the 
world, the cuisines differ in how much they 
rely on each one.” 

Haidt set up a Web survey (www. 
‘YourMorals.org) to evaluate how people 
weight the five foundations. More than 
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The moral brain. 
Neuroimaging studies have linked several brain regions to moral cognition. 
Disruptions to the right emporoparieta junction (brown), which i involved in 
understanding intentions, or the ventromedial prefrontal cortex (green), which 
processes emotion, have been found to alter moral judgments. Greene and 
colleagues have suggested that activity in the anterior cingulate cortex (pink) 
signals confi between emotion, reflected by acvty inthe medial rontal gyrus 
(biue) and other areas (orange, brown), and “col 
activity in dorsolateral prefrontal cortex (ello). 


35,000 people have logged ono far, he says, 
and the findings suggest cultural differences 
inhow people carve up the moral domain. In 
more liberal cultures, such as Western 
Europe and Australia, people emphasize 
hharm and faimess over the others. In more 
conservative cultures, including South Asia 
and the Middle East, all five foundations are 
important. In the United States, which falls 
inthe middle of the spectrum, Haidt and col- 
leagues have found a similar divide between 
self-described liberals and conservatives. 
Liberals tend to downplay purity, for exam- 
ple, arguing that something can be indecent 
‘without being morally wrong, Haidt says. 
But it's a matter of degree: Although many 
liberals wonder why conservatives are so 
hung up on what types of sexual behavior 
are right and wrong, they have analogous 
hang-ups, often more symbolic than 
rational, about food that was processed in 
certain ways, or by people seen as either vil- 
Jains or victims. Haidt says he hopes the 
‘work will spur his colleagues, most of them 
two-foundation liberals like himself, to 
think beyond harm and fairness. 
Sinnott-Armstrong agrees that morality 
is multifaceted: “It’s not clear to me at all 
that all those judgments where we call dif- 


" cognition, reflected by 
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ferent types of acts morally wrong are based 
con the same psychological or neurobiologi- 
cal mechanisms.” He has been working on 
brain-imaging experiments to investigate 
whether different types of moral scenarios 
engage different neural circuitry. 

Many researchers think moral cognition 
depends on neural mechanisms that also play 
roles in other types of social cognition and are 
likely present to some degree in our primate 
kin. Primatologists have found hints of a sense 
of harm and faimess even in monkeys, who 

will forgo food for days to pre- 
\_vent a neighbor from receiving 

a shock and will reject a small 

reward when they've learned 

that a given task usually earns 
them a larger one. Haidt specu 
lates that morality isan elabora- 
tion of primate social behavior 
that evolved in part because it 
helped promote cohesiveness in 
‘groups of early humans, giving 
them an advantage over com- 
peting groups. Hauser agrees 
that morality probably has roots 
in primate social behavior. But 
that raises a puzzle about why 
moral decisions seem to feel 
somehow different, he says. 

“One of the problems for our 

field right now is when you say 
something is moral, how does the brain know 
it's moral as opposed to just social?” 

It’s too early to know where all of the 
empirical work on morality will lead. Forced 
to speculate, researchers can envision brain 
scans that could determine whether a defen- 
dant in a murder case had the mental capacity 
totell right from wrong and lawyers who wear 
perfiume formulated to sway the emotions— 
and verdict—of a jury. Sinnott-Armstrong 
sayshe can envision revised sentencing guide- 
lines that take human psychology into 
account. “If we have a better understanding of 
morality, we'll have a better understanding of 
how [lawmakers] get their intuitions about 
how much punishment is deserved” he says. 
“We might find that [moral intuitions] are 
more reliable in some cases than in others.” 

Most likely of al, perhaps, the work may 
give us a better understanding of ourselves. 
However, reducing a noble human attribute 
such as morality to a matter of natural selec- 
tion and brain activity may lead us into 
uncomfortable territory, says Saxe: “Even 
though we know this in hundreds of ways, it 
continues to be both fascinating and unset- 
tling to find out that something you thought 
of as a feature of the self turns out to be a 
product of yourbrain”” GREG MILLER 
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To Touch the Water of Mars and 
Search for Life's Abode 


The Phoenix lander will soon arrive at Mars to perform the first analyses of martian 
water and to probe the rocky polar soil asa habitat for life; it has been a struggle 


‘The fortunes of planetary science had sunk 


about as low as they could go by the late 
1990s. First, Mars Climate Orbiter missed its 
mark on 11 December 1998 and incinerated 
itself deep in the martian atmosphere—some- 
thing about engineers’ confusion over metric 
versus English units of rocket thrust. Then, 
Jess than a month later, Mars Polar Lander 
(MPL) headed in for its blazing atmospheric 
entry, parachute descent toward the surface, 
and soft, rocket-aided landing. It was never, 
heard from again; why. no one knows for sure. 

‘Now it’s Phoenix’s turn. On 25 May, the 
$420 million mission will attempt the first 
soft Janding on Mars in 30 years on its way 
to search for what could be “the last viable 
habitat on Mars,” as Phoenix principal 
investigator Peter Smith of the University of 
‘Arizona, Tucson, puts it. As its name sug- 
gests, Phoenix will attempt to rise from the 
ashes of Mars Polar Lander. 

‘Team members inherited much of the 
mission's hardware and software from MPL 
and a second, canceled Mars mission, the 
‘Mars Surveyor 2001 Lander. Wringing the 
unseen risks out of flawed hand-me-downs 
created during NASA‘ ill-fated “faster, bet- 
ter, cheaper” era proved a challenge, but the 
team says it’s as ready as it ever could be. 
“We've really worked the kinks out,” says 
team member Carol Stoker of NASA's Ames 
Research Center in Mountain View, Cal- 
‘fornia. “We're really excited.” 

The excitement comes from the 
prospect of getting their hands—or at 
least a robot arm's seoop—on martian water. 
NASA has long followed the water on 
‘Mars in pursuit of life but always arrived 
billions of years behind its fleeting 
objective. With Phoenix, researchers 
expect not only to touch water 
‘frozen just beneath the surface butto 
“taste” and “smell” it using onboard 
Jaboratories. And if that ice ever 


melted long enough to harbor martian life, 
Phoenix could retum evidence of that too. It 
might even detect the molecular remains of 
‘martian life, ancient or modem. But first thas 
to be ready for its 7 minutes of terror. 


Out of the fast lane 

Landing on Mars is all about stopping, 
explains Phoenix project manager Barry 
Goldstein of the Jet Propulsion Labora- 
tory (JPL) in Pasadena, California. One 
minute the half-ton spacecraft is doing 
20,500 kilometers per hour, and 7 minutes 
later it’s supposed to settle gently on the 
surface. MPL apparently didn’t survive its 
terrifying arrival at Mars. “We inherited a 
spacecraft that failed to land properly.” 
says Smith. “We had to be suspicious of 
what we inherited.” The advantage of a big 
inheritance, he adds, is that the engineer- 
ing team had almost 4 years to work out 
the bugs before Iaunch rather than the 
usual year oF so. 

A review board investigation in 2000 had 
concluded that the most likely MPL failure 
‘would have come as the Iander extended its 
three legs while still riding its retrorockets 


down. An onboard computer could have 
mistaken the jolt of the leg extension for the 
impact of touchdown, the signal to turn off 
the rockets. The resulting 40 meters of free 
fall would have been the end of it. But 
“nobody could be sure” what the problem 
really was, Smith notes. 

So the Phoenix entry, descent, and landing 
team tackled every trouble spot identified by 
the MPL review board and by the return-to- 
{light review of the eventually canceled 2001 
mission. Then the team came up with some 
potential problems of its own. “We found over 
12 particular items that were not on anyone 
else’s list,” says Goldstein, and “we've 
resolved those too.” Problem resolution 
involves analysis and testing in the lab, in 
computer simulations, and in the field until 
the root cause of the problem is found. 

Resolution did not always come easily. 
‘The lander’s radar, for example, turned out 
to have a long list of failure modes, says 
‘Smith. The model—one flown on F-16 
fighters—was adapted to measure veloci- 
ties of a very different craft. “We did an 
enormous amount of testing and analy- 
sis,” he says, including trying to foo! the 
radar by flying it on a cable beneath a hel- 
icopter over a variety of terrains. Flawed 
computer code made the radar stumble all 
too easily. Testing it and fixing its prob- 
Jems accounted for much of the mission's 
$30 million cost overrun. 

One problem that tumed up Tate in testing 
never was solved. The Mars Descent 
Imager—originally built for the Mars Sur- 
veyor Lander —was going to snap downward- 
looking pictures from the descending lander. 
But testing showed that sending images to a 
data-handling component could silence the 
‘onboard gyroscope and produce 
another disaster. Lacking time 
and money for a redesign, engi- 
neers decided to keep the descent 
imager switched off. 

Given all the time and money for 
testing, “the team feels confident they've 
done every test they would ever want to 
do,” says Smith. And their efforts have 
not gone unnoticed. “You may not 
succeed” Gentry Lee of JPL—chair 
of one of a number of external 
review panels —told the team, “but you 
deserve to succeed.” 


‘CEO CORBY WASTELJET PROPULSION LABORATORY 


Onto a sweet spot 
While the engineers were working on getting 
a lander safely to the surface of Mars, the sci 
centists were looking for a safe surface to land 
on, Both efforts operated under considerable 
constraints. The engineers couldn't test the 
entire landing system under actual martian 
conditions, only components. And the scien- 
tists were in the hunt for landing hazards that 
they couldn't see. They started by looking at 
some of the most inviting terrain on the planet, 
the smooth plains of the northern lowlands. It 
‘was there above 60° latitude that instruments 
on the orbiting Mars Odyssey had detected 
ice-rich soils (Science, 11 April 2003, p.234), 

So Raymond Arvidson of Washington 
University in St. Louis, Missouri, and other 
Phoenix team members gathered the ustaal 
data returned from Mars orbiters, including 
‘maging to count potentially hazardous rocks. 
‘The available imaging could not resolve the 
smallest rocks that might pose a threat, but 
extrapolating their numbers from larger rocks 
had worked well before (Science, 16 June 
2006, p. 1588). “Everything we had looked 
‘200d in this region [called] B for “best.”” says 
Arvidson. “It all looked pretty benign. We 
‘were happily moving along” 

Then in November 2006, the HiRISE 
camera aboard Mars Reconnaissance 
Orbiter began its imaging mission in earnest. 
Able to resolve rocks as small as 
1 meter, it promptly retumed startling images 
of “boulders the size of minivans,” as Smith 
puts it. Apparently, the repetitive temperature 
changes that create the distinctive 
“polygonal” patterning of the ic 
northern plains also work buried 
boulders upward to the surface. 
‘The rock counters, it tums out, had 
been counting not individual rocks 
but clusters of these reworked 
rocks, says Arvidson. 

After 3 months of searching 
with HiRISE, “we found a good 
place, one of the few in the north- 
em plains,” says Arvidson: a broad 
blanket of fine-grained, boulder- 
free debris thrown out of a nearby 
10-kilometer-wide impact crater. 


Getting wet 

Once safely on the surface, Phoenix 
can finally catch up with the water. At first, the 
ice itself will be nowhere in sight, even from 
the landers camera tower or from the imager 
on the end of its 2.4-meter, scoop-equipped 
robot arm. But “there a lot of ice where we're 
going,” says Smith. “They say we'll hit very 
hard ice 2 to 6 centimeters down” beneath the 
loose soil. Researchers reach a similar concht- 


‘Twice measured, once cut. The Phoenix ander, on its way to analyze martian ice and oil, inherited much of 
its hardware from previous missions, one disastrous and one canceled. That required exhaustive testing of 
complex systems like the one for entry, descent, and landing 


‘sion whether they are interpreting neutron and 
gamma-ray remote sensing data from 
Odyssey, inferring ice depth from the dimen- 
sions of the polygonal patteming, or modeling 
martian water vapor permeating the cold soil 
and forming ice in its pores. 

‘No one knows just what will tum up once 
the arm digs down to the ice. The arm will 
feed soil and ice samples to Phoenix's two 
analytical instrument packages. One will heat 
samples to 1000°C and feed the resulting 
gases to a mass spectrometer for molecular 
analysis. The other is a miniaturized wet 
chemistry lab for geochemical analysis. 


Looks good from here. Phoenix wil 
land on frozen “polygonal” terrain 
whose crinklness is here accentuated 
by long shadows 


‘The Phoenix science team will combine 
these analytical capabilities with lander imag- 
ing—from instruments ranging from the arm- 
mounted camera down to an atomic force 
microscope—to seek out a habitable environ 
ment, or at least one habitable in the recent 
geologic past. Phoenix doesn’t carry life- 
detecting instruments, says Stoker, “but if we 


found evidence of habitability—tiquid water 
or organic compounds—that would make that 
environment the target for a firture mission, 

‘That's what makes the landing site so excit- 
ing.” If ice had melted during warmer sum- 
mers thousands or millions of years ago, the 
liquid water might have left distinctive soil 
textures or leached salts from the soil and 
pulled the salts up toward the surface. 

Finding life's organic matter could be more 
problematic. Any organic matter could be the 
remains of long-past life or even of dormant 
life locked in the ice awaiting the next thaw. 
But it could also be never-living material 
carried in by the constant drizzle of mete- 
orites. Back in the 1970s, the Viking landers 
looked for organic matter down to the parts- 
per-billion level and found none, not even the 
meteoritic sort. Mystified, many researchers 
have since concluded that Mars somehow gen- 
erates strong oxidizing agents that obliterate 
any organics on or within the soil. They hope 
the ice at the landing site has protected the 
organics long enough for Phoenix to find them 

Phoenix has 90 days in its “nominal” 
mission to look for a likely place for life. 
Unlike the two ancient rovers still dragging 
themselves around the planet, Phoenix will 
not be operating much beyond its allotted 
time. It has only a dozen single-use sample 
vessels between the two instrument pack- 
ages, and when “winter comes to the north, 
we're pretty much done,” says Smith 
Within a few months of the end of the nom- 
inal mission, the winter cold will wrap 
Phoenix ina thick blanket of carbon dioxide 
frost. If in the martian spring it rose once 
again from its icy tomb, Smith says, “Td be 
absolutely dumbfounded.” 

“RICHARD A. KERR 
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Talk Nerdy to Me 


A surprise hit, the new TV comedy The Big Bang Theory plumbs science for laughs, 


thanks to aid from physicist David Saltzberg and friends 


Leonard: “At least I didn’t have to invent 
26 dimensions to make the math work” 
Sheldon: “didn't invent them. They ve there: 
Leonard: “In what universe?!” 

Sheldon: “All of them. That's the point.” 


Physicists may be notorious for coming up 
‘with weird concepts such as alter- 
native universes. Buta popularsit- 
uation comedy based on their 
‘work seems almost as Fanciful. Yet 
last October, the American TV 
network CBS premiered The Big 
Bang Theory, and about 9 million 
people now watch it each week— 
enough for CBS to quickly renew 
the show for another year. The Washington 
Posts critic Tom Shales calls it “the funniest 
new sitcom of the season.” Apparently it isn’t 
{just quarks that can be strange and charming, 
Centering on two male physics postdocs 
and the blonde bombshell who moves in next 
door, The Big Bang Theory follows the sitcom 
formula of placing quirky, exaggerated charac- 
ters in situations both odd and mundane. But 
‘where the show breaks the mold is that most of 
those characters and situations revolve around 
science, highly accurate science for the mast 
part, thanks to experimental particle physicist 
David Saltzberg ofthe University of California, 
Los Angeles (UCLA), who's been with the 
show from the initial episode. From making 
sure lab equipment looks suitably haphazard to 
supplying the equations displayed on the show. 
Salteberg’s presence is regularly felt on the set; 
he even has a director's chair with his name on 
it. “Ican't overestimate his value to what we 
do,” says Bill Prady, who along with Chuck 
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Lome created the show. 

Hollywood has a tradition of exploiting 
geek humor, from Jerry Lewis's The Nutty Pro- 
fessor to the Revenge of the Nerds. Many cur- 
rent TV shows, particularly forensic crime dra- 
mas such as CSI, draw regularly on math and 
science, both for plot elements and the occa- 
sional laugh. Niamb3rs, in which a 
‘mathematician helps his FBI agent 
brother, iseven used as the basis for 
teacher's worksheets provided by 
‘Texas Instruments and the National 
‘Council of Teachers of Mathemnat- 
ics. Given all of that, working on 
film or television can be a perk for 
a Los Angeles-area scientist or 
physician. Kevin Grazier of NASAS Jet Propul- 
ssion Laboratory in Pasadena, for example, con- 
sults for three shows. 

Still, The Big Bang Theory isthe first time a 
‘prime-time comedy has taken science this seri- 
ously—and Saltzberg is surely the only particle 


| | , 


Q) ... 


Odd couple. Physicist Davie Sattzberg (et) and Bil Prady, The Big 


Bong Theory’s co-creator. 


Weird science. Real physics and math make 
‘cameos on The Big Bong Theory. 


physicist to advise a sitcom. Science recently 
spoke with himand Prady, and paid a visit tothe 
set of The Big Bang Theory, to learn how cut- 
ting-edge research gets injected into the show. 

The pair defended the show against 
charges that it has too few women scientists 
and mocks physicists as Klingon-speaking 
nerds. Whether giving a talk about the siteam 
at the Kavli Institute for Theoretical Physies or 
simply attending a party, Saltzberg inevitably 
encounters people offended by the show's 
putative sexism and nerdism. Most of the 
show's detractors, he notes, have never seen a 
whole episode. Prady stresses that The Big 
Bang Theory means no ill will. “Ifthe scien- 
tific community is concerned with how we 
depict them, be gentle and be patient,” he says. 
“Weare you; we love you." 


Sheldon: “This is one of those circumstances 
people unfamiliar with the law of large nun- 
bers would call a coincidence.” 


Saltzberg got his unusual gig via a friend, a 
Hawaiian astrophysicist who'd helped on the 
show’s unaired pilot. When the show was 
picked up by CBS, the producers went search- 
ing for a local to vet last-minute changes. 
Saltzberg generally looks over the seripts in 
advance and then drives in once a week to 
Burbank for the show’s evening tapings. 
Saltzberg is “right there to give us the new 
word we need,” Prady says. “A couple of 
‘weeks ago, he provided us witha terrific, gen- 
uuine joke, and it was on the air” 

‘The sitcom features Leonard and Sheldon, 
the two physicists, and Penny, an actress/wait- 
ress who is their bridge to the world of people 
who don't have a periodic table shower cur- 
tain. She’s a loyal friend, even attending 
Leonard!’ talk on supersolidity—at which she 
fallsasleep. Leonard's subject matter was sug- 
gested by the show’s “geek of the 
week.” in this case graduate stu- 
dent Matt Mecklenburg, who'd 
accompanied Saltzberg to the set, 
as colleagues, friends, and stu- 
dents do every week. 

One can argue about whether 
The Big Bang Theory is funny— 
TV critic Maureen Ryan of the 
Chicago Tribune called its jokes 
“tired and mean-spirited” —but 
it’s clear that Prady and his writers 
have scientific chops, accurately 
incorporating physics terms such 
as “soft component of cosmic 
radiation” into dialogue even 
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before Saltzberg sees a script. Several years 
ago, one writer dressed up for a Halloween 
party as the Doppler effect. The show incorpo- 
rated the idea, putting Sheldon in a bodysuit 
with white vertical stripes separated by less 
and less distance. He made accompanying 
trainnoises whose pitch went upand down. To 
hhis dismay, no guest got it. 

Prady, a self-taught software programmer, 
initially envisioned programmers at the heart 
ofa sitcom, But sitting at a computer all day 
doesn’t make for great physical comedy. 
Physicists, however, write on whiteboards, 
and that visual element had appeal: “We real- 
ized this was a better way to show somebody 


working with their mind” Prady says. 
Leonard: “Sounds likea breakthrough, should 
Task Science to hold the cover?” 


Sheldon: “7t3 time ravel, Leonard Iwill have 
already done that.” 


‘Some episodes of The Big 
Bang Theory could inspire an 
evening of studying math or 
physics. Saltzberg likes to 
inject scripts with terms such 
as Casimir effect, molecular 
positronium, and giant 
‘magnetoresistance (the subject 
of the 2007 Nobel Prize in 
physics). “T go for stuff that 
sounds really fake—that you 
think is Hollywood science but 


physicist who lies about what she does in 
‘social situations, because she feels her career 
{ntimidates men. “We're going to have Leslie 
do that,” Prady says. “Whenever anybody 
says they Tie about who they are, there’sa rich 
story to tell there.” 

‘The show Sother lead character is string the- 
orist Sheldon, played by Jim Parsons as an arro- 
gant, emotionally oblivious, yet endearing, for- 
‘mer child prodigy. When Penny complains that 
a bad relationship lasted 4 years, “as long as 
high school,” Sheldon, perplexed. replies, “It 
took you 4 years to get through high schoo!?” 
‘He's even less tactful to non-PhD. engineers, 
calling them “Oompa-Loompas of science,” a 
‘knowing jab at the academic pecking order. 

Sheldon’s lack of social graces and other 
‘quirks have led to speculation that he must 
have Asperger syndrome, an autism spectram 
disorder commonly assumed to be prevalent 
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doodling around the edges. That part there— 
that's just a joke. It's a spoof of the Born- 
Oppenheimer approximation.” 


UCLA hasn’t objected to Saltzberg’s 
spending his free time consulting for the 
show—he gets an on-air credit and fee—but 
Warmer Bros.” lawyers have stopped on-air 
disclosure of Sheidon and Leonard’s aca- 
demic home. Still, a slip during the pilot, and 
its Pasadena setting, obviously hint at Caltech, 
whose walkways and fountains grace 
Nuanb3rs’s“CalSci.” 

Science is vital to the show but not at the 
expense of humor, Saltzberg must always 
remind himself. Ata rehearsal, he catches that 
an equation he provided with accompanying 
Feynman diagram appears scarily complicated 
but is actually too basic to cause physics post- 
docs the terror the scene requires. The writers 
gamely try out new dialogue, 
but nothing clicks, They finally 
ask Saltzberg to provide a new, 
more challenging equation, 
with the same solution as the 
old one so no dialogue has to be 
changed. Mercifully, before 
Saltzberg has to improvise, 
everyone realizes that all it 
takes is modifying the charac- 
ters’ reactions: Its an engineer 
‘who's most frightened. 

Although Saltzberg always 
\winces when he realizes he's let 


find out not only is it real, its 
topical,” he says. 

Saltzberg views the show as a tool for sci- 
ence education: PBS's NOFA with rim shots. 
During an awkward date, Leonard gets an olive 
to rotate inside a glass—and corrects Penny, 
and likely most viewers, that centripetal, not 
centrifugal, force explains the trick. 

Leonard, played by Johnny Galecki, is the 

i; experimentalist who Tongs for Penny andhasa 
= disastrous fling with Leslie, a brilliant lab- 
£ mate, who spends part of their tryst correcting 
E an equation. In the episode in which Leonard 
g first asks Leslie for a date—“a biosocial 
H exploration with a neurochemical overlay.” he 
calls it—the two test how Tong it takes a pow- 
3 erful hb laser toheat up soup. 
= Leslie isthe only female researcher on the 
# show, a complaint Prady and Saltzberg hear 
jy often from women, whether scientists or jour- 
© nalists, Prady promises that more female sci- 
= entists will appear. “The [female-male] ratio 
E isactually higher on the show than itis in my 
§ part of the field, which is pretty bad,” 
& Saltzberg unhappily adds. 
Fl The show’s writers saw that firsthand 
5 when they toured UCLA labs. Prady met a 


In character. Jim Parsons (Sheldon) as the Doppler 
Effect, Johnny Galecki (Leonard) as Frodo, Kunal 
Nayya (Raj) as Thor, and Simon Helberg (Howard) as 
Rabin Hood 


in scientists and computer programmers. 
‘Although Prady concedes that Sheldon fits 
the diagnosis, he rejects the idea that this is the 
ultimate in negative geek stereotypes, saying 
the character is an affectionate composite of 
the programmers he used to know. 

Saltzberg also doesn’t believe the show 
paints.a depressing picture of scientists. “Iam 
‘willing to discuss it with anyone who has seena 
couple of episodes,” he says, noting that a 
‘UCLA physics student who recently visited the 
set remarked that she wanted to be just like the 
show's characters. “This is our attempt to show 
‘our own lives,” Prady says. “My father-in-law 
isa brilliant pediatric rheumatologist, but he is 
capable of saying, “That's a very interesting 
story, but who is this Tom Cruise?"” 


Sheldon: “That's my work. It's just some 
‘quantum mechanics. A little string theory 


something wrong slip in, he's 
also amused that even his most accurate contri- 
butions come off as fake. “If I look on the 
[Internet] message boards, there's still com- 
plaints—no matter how right you get the sci- 
ence, there's going to be some fraction of peo- 
ple who think its wrong!” 

Salteberg has found scientific allies for his 
defense of the show—and a few fans of his 
own. “Our outreach department really enjoys 
‘watching the show; the science adviser is very 
good,” says Rebecca Thompson-Flage, public 
‘outreach specialist for the American Physical 
Society. (The society plans to send the show 
material with its logo for use.) Science writer 
Jennifer Ouellette recently penned an op-ed in 
‘Symmetry, a magazine for particle physicists, 
calling on its readers to embrace the show. 
(David Harris, the physicist who is editor of 
the magazine, loves the show:) “I bought a 
‘Tshirt at the American Physical Society that 
ssid, “Flirt harder, I'ma physicist; ” Saltzbeng 
siys. “Idon'tknow why we should hold televi- 
sion up to a different standard than we hold 
ourselves” ~KAREN HEYMAN 


Karen Heyman isa freelance writer in Santa Monica, 
Gaiiforia. 
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CHICAGO, ILLINOIS—In some ways, the sei- 
ence of reintroducing wildlife to the wild is 
like staging a reality show: Even after you 
get the principal actors into the right setting, 
there's no telling what they will do. Take the 
case of juvenile male otter AO8, released 
with adult males and females in a peat bog 
in the Netherlands 3 years ago in an effort to 
restore a flagship species (Lutra lutra) that 
had gone extinct in the wild in 1998. Once 
released, AOS was “chased away by the other 
males,” says population geneticist Hans 
Peter Koelewijn of the Alterra Research 
Institute in Wageningen, the Netherlands. 
Buta year later, AOS surfaced as the father 
of half of the 28 young otters born in the 
wild, shown via genetic analysis of the 
otters” scat. “Somehow he'd become the 
dominant male,” Koelewijn recalled. With 
Genghis Khan—like determination, AOS 
busily impregnated most of the females for 
the next several litters 

Despite all the baby otters, the effort 
“seemed doomed to failure.” says 
Koelewijn, because A08's dominance raised 
the specter of inbreeding. When reports 
came of otters being hit by cars—their chief 
cause of mortality—Koelewijn admits that 
team members would whisper, “Let it be 
AOS.” Ultimately, AOS took a natural fall: 
His sons deposed him. 

‘08's time in the sun holds a lesson for 
reintroduction programs, Koelewijn told the 
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audience at a recent meeting here:" “You can 
havea technical strategy, a scientific strategy, 
and asocioeconomic strategy, but the animals 
also have their own strategy.” 

The young science of reintroduction 
biology is struggling to map out those 
strategies for success, as evidenced by the 
tenor of talks and posters at the reintroduc- 
tion meeting, organized by the International 
Union for Conservation of Nature (IUCN) 
and the Lincoln Park Zoo (LPZ) in Chicago, 
Illinois. More than 200 scientists and 
wildlife managers from 31 countries met for 
the first time, hoping to bring new rigor to 
sprawling efforts to restore species including 
the American burying beetle (Nicrophorus 
americanus) on Massachusetts’s Nantucket 
Island and the one-horned rhinoceros 
(Rhinoceros unicornis) in India. 

Its a mighty challenge. Early reintro- 
duction efforts often failed; and today, less 
than half of all such projects are proven 
successful, says Joanne Eambardt, an LPZ 
population biologist. In some cases, rein- 
troduced species do well at first, only to be 
felled later by the same forces that drove 
them extinct in the wild in the first place 
In other cases, there are simply no data on 
how reintroduced species are doing. And 
yet the field is exploding, growing from a 


{International Wildile Reintroduction Conference, 
Lincoln Fare Z00, Chicago, 15-16 Agri 2008. 


Ready for reentry. Released oltersinthe Netherlands 
uly had a baby boom, 


total of some 100 reintroduced species in 
the early 1990s to more than 700 by this 
year, 74% of them mammals and birds. 

(Another conference, focused on bird rein- 
troductions, takes place this week at the 
Zoological Society of London.) 

There are some striking success stories: 
Golden lion tamarins (Leontopithecus 
rosalia) in Brazil now number more than 
1500 in the wild, and an astonishing 80% of 
bird reintroductions in New Zealand have 
proved successful. Researchers hope there 
will be more to come, given the long list of 
species in need. “We are in a time of extine- 
tions, and reintroductions will be key in the 
21st century:” zoologist Philip Seddon of the 
University of Otago in Dunedin, New 
Zealand, said at the conference. 

Every reintroduction faces daunting 
challenges, from assessing the genetic 
diversity of the animals to ensuring that the 
habitat can sustain them. “Habitat quality 
is certainly key,” said Debra Shier, a behav- 
ioral ecologist with the Zoological Society 
of San Diego in Escondido, California 
“But you have to measure it from the per- 
spective of the animal.” In essence, any 
reintroduction is a “forced dispersal,” she 
explained, and there can be many reasons 
why an animal won't settle after being 
released into what humans think is perfect 
habitat. For example, even after 40 years, 
red kites in Britain haven't moved into the 
high-quality habitat scientists had identi- 
fied for them; instead, they crowd in with 
other kites in central Wales. 

Animals often settle in better if there 
are signs of their fellows nearby; thus, 
before translocating black rhinos in South 
Africa, biologists from the San Diego Zoo 
ead rhino dung around the new area 
doesn’t seem to matter whose dung it 
is,” said Shier, “just so long as it’s black 
rhino dung.” Similarly, playback calls of 
black-capped vireos in Texas have helped 
reassure newcomers, and wooden decoys 
have drawn fairy terns in New Zealand to 
reestablish old breeding territories. 

‘That behavioral approach has guided the 
reintroduction of the Puerto Rican parrot 
(Amazona vittata), said wildlife biologist 
‘Thomas White of the U.S. Fish and Wildlife 
Service in Rio Grande, Puerto Rico, Since 
2006, 62 parrots have been raised in large 
cages—designed to help them stay aerobi- 
cally active—right atthe Rio Abajo site where 
they were to be released: to date, 46 have been 
set free and another 20 are scheduled to fly 
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this year. Living in the cages helps “imprint” 
the habitat, making it more likely thatthe birds 
will stay in the vicinity and form a flock with 
other parrots. “When they're released, they are 
already ‘home,’” said White. 

Newly released wildlife may also need to 
lear other key behaviors, including hunting 
and parenting. Inthe case of the parrots, White 
and his team try to train them to recognize and 
avoid their chief predator, red tail hawks, by 
‘watching managed attacks. With a parrot pair 
now nesting in the wild, 18 months after 
release, and about 25 birds still alive, the proj- 
ect may prove successfiul—although many at 
the meeting questioned just what “success” 
‘means in reintroduction biology. 

TUCN defines the term as the establish- 
‘ment of a “self-sustaining population that 
‘requires minimal long-term management.” 
‘Some projects do meet this standard. For 
instance, dozens of bird species are thriving 
on their own again in New Zealand, where 
scientists are now bringing back reptiles, 
invertebrates, and plants—all the key play- 
ers in island ecosystems that were lost afier 
rats arrived on European ships. Some of the 
Kiwis’ success is due to the government's 


Against the odds. The Puerto Rican parrot (top) 
may yet be reestablished, ut the Oman Arabian oryx 
fs almost extinct inthe wid. 


practical approach,” says Ian Jamieson, 
a behavioral ecologist at Otago. Faced 
with fewer regulations, managers can 
“just go in and do the job.” including 
removing all invasive species. Else- 
where, as in the United States and 
Europe, a tangle of government 
agencies may be involved in any 
reintroduction, and managers 
must juggle competing interests. 

That's why, for many projects, 
TUCN’s definition of success might “not 
be grounded in reality.” argues biologist 
Markus Gusset of Germany's Leipzig Zoo. 
He studied a project in South Africa, which 
has reestablished several small populations 
of African wild dogs in conservation areas. 
‘There are islands of habitat separated by 
mostly unsuitable areas where people have 
‘moved in. So when the dogs reproduce, they 
‘must be trucked from one area to another, 
“mimicking a dispersal,” and put together in 
new packs. “It's successful in the short- 
term,” Gusset said, because the dogs are 
reproducing. “But it can only be successful 
in the long-term if the translocations con- 
tinue. It's the best we can do.” 

Indeed, the human hand hovered over every 
talk and poster at the meeting, and many 
researchers pointed outthat without the support 
of local communities, reintroduction projects 
are doomed to fail. Wildlife biologist Andrew 
Spalton, an adviser on the environment to the 
Royal Court in Muscat, Oman, described how 
the once-lauded Oman Arabian oryx reintro- 
‘duction program rapidly collapsed because of 
thriving illegal wildlife trade, which caused the 
antelope’ original decline 

‘The last wild oryx (Oryx leucoryx) was 
Killed in the desert of Oman in 1972; but 
Operation Oryx, working with the San Diego 
Zoo, was already breeding the animals in cap- 
tivity. A decade later, oryx were returned to the 
wild, and within 13 years, in 1995, there were 
450 wild Oman oryx roaming free. But the 
following year, poachers began capturing the 
oryx to sell to private collectors with “small 
2008 or pens in their backyards,” said Spalton. 
Buyers anted up $25,000 for a wild female 
‘oryx. Some 100 poachers were arrested and 
convicted to no avail. Today, there are few 
wild oryx in Oman. Poaching for meat and 
catching females to sell was the “cause of the 
original decline, and it happened again,” said 
Spalton, pethaps because the project’ rangers 
“all came from one community.” Those left 
‘out were among the first poachers. “We did do 
the science,” Spalton concluded, “but we 
should have had social scientists on our team,” 
who might have come up with a better 
response to the poaching. 


Digging in. The burying betes 
‘gaining a toehold on Nantucket, 


Even when a project seems successful, in 
some cases it’s hard to be sure of the reasons 
because the original data are missing or 
incomplete. “Were Hawaiian crows reintro- 
duced as adults or fledglings? No one really 
remembers,” says Earnhardt. “When you 
have 2 high-profile species such as the Cali- 
fornia condor, every egg that's laid is docu- 
mented. But for low-profile species such as 
the brown nuthatch, almost no data” have 
been collected. To help remedy these prob- 
Jems, Eamhanit unveiled a new LPZ database 
documenting the 602 releases of 128 avian 
species (wwwlpzoo.org/ARTD); a similar 
database is being created for amphibians. 

‘An initial baby boom in the wild, Tike 
that spurred by AOR, is no guarantee of 
Jong-term success, either, Seddon and oth- 
ers pointed out, saying that monitoring must 
continue. Conservation biologist Devra 
Kleiman of the Smithsonian Institution, 
who coordinated the tamarin project, now 
fears that it may be doomed by its own 
achievements. “It’s labeled a ‘success,’ so 
everyone thinks we can stop now,” she said, 
“We're having difficulty getting funds to 
continue the monitoring,” leaving the 
tamarins potentially at risk for a repeat 
decline. “That's the trap,” agrees Seddon. 
“I'm not sure we can ever take our eye off 
the ball," especially because climate change 
may transform environments after animals 
have been released. 

As for the Dutch otters, they may soon be 
on their own: The government may cut off 
funding next year. As feared, AOS exuberant 
mating has led to sister-brother and aunt- 
nephew couples, and it’s not clear what the 
long-term effects will be. But other otters are 
mixing it up with more recently released 
individuals, Koelewijn says. Despite the 
challenges, he and other researchers are still 
optimistic that their work will help give the 
otters and other teetering-on-the-brink 
species a second chance to make a home in 
the time of the Anthropocene. 

VIRGINIA MORELL 
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Lost in Transliteration 


THE RANDOM SAMPLES ARTICLE “ONE WEI OR ANOTHER” (15 
February, p. 881) addressed the confusion caused in the scientific 
community by Asian names that use the same English translitera- 
tion. This situation becomes more serious as increasing numbers of 
Asian scientists publish papers in English journals (/). To compli- 
cate matters even further, about half of the Chinese names have 
three words: one for the family name and two for the first name. 

Just like the two-word names (2), they sometimes use the same 
English spelling. For instance, the name “Lixin Wang” isa translit- 
eration of at least 1600 possible Chinese names. The three-word 
scenario may lead to citation confusion because journals follow 
different styles. Some journals treat “Lixin Wang” as “L Wang,” 
whereas others abbreviate it as “LX Wang.” Both ways make sense 
given that the first name “Lixin” includes two words (Li-Xin). 

However, some major databases (such as Web of Science) misinter- 
pret “L Wang” and “LX Wang” as two unique names; changing 
affiliations only add to the confusion. 

‘Tobe more precise, Physical Review Letters allows authors with 
Asian names to include the original spelling on papers (2). It is a 
{good start, but its still difficult for non-Asian researchers to iden- 
tify the characters and thus the specific author. Instead of including 
Asian spellings, I suggest that researchers each adopt a unique 
identification number, which can be published along with their 
names (3). Scientists with Asian names are not the only ones who 
‘would benefit from a more precise naming system. 


UXIN WANG 


Department of Environmental Sciences, Univesity of Viginia, Charettesvll, VA22904, 
Usa, 


References and Notes 
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5. One auch “RessrchelD” developed by the Thomson Corpraion (nwesescherd com) 


Source of confusion. Al ofthese Chinese names could wi the tranerton "Lin Wang.” 


Evolution and Faith: Empathy Is Misplaced 


| FOUND THE NEWS FOCUS STORY “CROSSING THE DIVIDE” (J. COUZIN, 22 
February, p. 1034) to be particularly disturbing and unworthy of publication in 
Science. Three full pages were dedicated to paleontologist Stephen Godtrey, 


‘who (finally) rejected creationism and embraced evolution and " 


still recover- 


ing from the traumatic journey.” Give me a break! Had Science magazine been 
around during the 17th century, would we have seen such consolatory text for 


EDUCATION FORUM | 


those “traumatized” by the fact that the Sun does not 
revolve around the Earth? Or earlier, would we have 
seen such gentle treatment of those “devastated” by the 
realization that the Earth is not flat? While Dr. Godirey’s 
escape from the ignorant shroud of Biblical literalists is 
praiseworthy, Science magazine is not the place to give 
even a hint of respectability to those who would deny the 
fundamental fact of evolution. There is too much at 
stake, for our children and our society, to give any 
credence to those promoting unscientific nonsense 
(creationism or intelligent design) and justifying irra- 
tional beliefs under the guise of religion, 

‘CRAIG W. STEVENS 


Departimert of Pharmacology and Physiology, Oklahoma State University 
Center for Heath Sciences, Tulsa, O€ 74107, US. 


Evolution and Faith: Empathy 
Is Crucial 


‘THE NEWS FOCUS STORY BY J. COUZIN, “CROSSING THE 
divide” (22 February, p. 1034) accurately and respect- 
fully describes the crux of the challenge that our scien- 
tific understanding presents to members of faith com- 
munities. With more than 20 years of experience in 
teaching biology to evangelical undergraduates, I can 
state with a high degree of confidence that the situation 
within evangelicalism is toa great extent just as Couzin 
presented. The worldview in which so many conserva- 
tive Christians are raised and trained gives them but 
two stark choices: Either there is a God, the world is a 
few thousand years old, and therefore evolution cannot 
have occurred, or the scientific community is correct, 
evolution occurred, and there is no God. The heart of 
the matter revolves around meaning in life, not around 
scientific knowledge. If we can understand the tremen- 
dous cognitive and spiritual stress this presents to the 
faith community, then we as truth-seeking scientists 
should be willing to listen to the concerns of those 
holding such positions. 

We within the scientific community must continue 
to present the demonstrable evidence from the physical 
realm and clearly express how that evidence supports 
our current interpretations. This effort is not served 
well at all by dogmatic pronouncements such as 
“Evolution is fact,” even if such statements are accu- 
rate. Furthermore, for members of the scientific com- 
munity to make theological statements in the name of 
science is philosophically illegitimate, and destructive 
in our truth-seeking efforts. In this short essay, Science 
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‘has published the only example I have read 
in the leading scientific literature that takes 
the time and effort to understand and 
express what really drives the concerns of 
the majority of evangelicals, and does so in 
a manner that respects the integrity of both 
the scientific endeavor and the integrity of 
the faith commitments within the evan- 
gelical community. 

Allow me to suggest that this serves asa 
call to us in the sciences to be more humble 
as we interact with the faith community. We 
as scientists ought to be those most keenly 
aware of the tenuous and ever-changing 
nature of human knowledge, even as we 
‘build on that which has stood the test of 
time. We ought to behave as though the 
faith community poses no threat to the 
integrity of science, just as the faith com- 
‘munity ought to behave as though science 
poses no threat to the integrity of faith. That 
is the challenge to us brought forth so elo- 
quently in this piece, and is a major focus 
of organizations such as The American 
Scientific Affiliation. Let us all humbly 
seek for truth as we respect one another's 
efforts to doo. 


ANDREW WHIPPLE 


Department of Biology, Taylor University, Upland, IN 
46989, USA. 


Data Discrepancies in 
Solar-Climate Link 


CONTRARY TO THE IMPRESSION GIVEN IN J. 
Pasotti’s News of the Week story (“Daggers 
are drawn over revived cosmic ray-climate 
link,” 11 January, p. 144), neither Inor any 
of the other climate scientists quoted in the 
story seek “to strangle the hypothesized 
climate-geomagnetism connection in its 
crib.” However, it is not unreasonable to 
expect that 2 hypothesis that neglects 
well-established greenhouse gas and 
aerosol radiative forcings should at least 
be based on appropriate and accurately 
described data. 


Letters to the Editor 


Courtillot and co-workers (J) made two 
errors that exaggerate the solar-climate cor- 
relation (2, 3). First, they showed only the 
mast recent 50 years of a solar irradiance 
proxy; application of the same data analysis 
to the readily available full-century record 
causes the apparent correlation to fall apart. 
Second, the temperature record used as a 
basis of comparison was not a global mean 
temperature or any of the other temperature 
curves discussed in the paper (4) cited as a 
data source. In (J), this temperature curve 
was labeled “Tglobe,” and it was described 
explicitly as giving a “global temperature 
trend” at two places in the paper. Further- 
more, when Bard and Delaygue raised 
questions about the data source, the original 
publicly posted version of Courtillot’s 
response gave the name of a global Iand 
and ocean data set. It was only after a fur- 
ther challenge by Bard and Delaygue that 
the actual data set was revealed, and it 
turned out to be a record of growing sea- 
son temperature for Northern Hemisphere 
extratropical land alone, derived origi- 
nally for calibrating tree ring proxies, 
unambiguously described in the data set 
header as such. 

‘The corrected version of the erroneous 
figure reproduced in Pasotti’s article can be 
found in (2), or compared side by side with 
the original in (3). 

RAYMOND T. PIERREHUMBERT 


Department of Geophysical Sciences, The University of 
(Chicago, Chicage, iL 60637, USA 


References 

1. V.Courtttet ol. Earth Planet Sci Let. 253, 328 
Goon. 

2. £ Bard Delsygue, Earth Planet Sci Lett 268, 302 
oon. 

3. RealClimate fammresktinate opfandecghplachives 
2007/12teschevalersde PoedseOrasSorde del 
tere plate part cout geomagnetic excuson. 

4. PD. Jones at, Rex Geopys..37,173 (1999. 


Living Up to Ancient 
Civilizations 

THE CLASSICAL PERIOD OF GREECE AND 
Rome lasted more than a thousand years 
{from about 750 BCE to about 400 AD). By 
contrast, the modem world, beginning with 
Columbus's discovery of America, has 
lasted just over 500 years. 

As a result of overpopulation, overcon- 
sumption, global warming, and environmen- 
tal degradation, it now looks increasingly 
likely that there will be a major societal col- 
Japse within the next 200 years. How ironic 
that a civilization capable of tracing the ori- 
gin of the universe from 10 “3 seconds after 


its formation and putting a lander on Titan 
does not have the rigor and self-discipline 
to sustain itself for as long as the ancients 
managed to do. 

GEOFFREY, GLASBY 


Department of Geochemistry, 626, University of Gétingen, 
Goldschidsstrase 1, 0-37077, Germany. 


CORRECTIONS AND CLARIFICATIONS 


Editoria: “New career paths for scientists” by B. Alberts 
{4B April, p. 289). The page number for Science Careers 
should have referenced the Science Online table of con- 
tenis on page 283. The link to Science Careers in the 
MAL version is correct. 


Reports: “Age and evolution of the Grand Canyon 
revealed by U-Pb dating of water table~iype 
speleothems” by V. Polyak ef af, (7 March, 9. 1377). 
Reference 8 was incorrect and should have been “I. 
Winograd et al, Science 258, 255 (1992)." The HTML 
version has been corrected. 


Reports: “Evidence lor postive enistasi in HVA” by S. 
Bonhoelfer et al. (26 November 2004, p. 1547). The 
HIV sequence studies in his paperwere not deposited in 
GenBank atthe time of publication but are now aai- 
able there. The accession numbers are EU608356 to 
£u613822. 


‘TECHNICAL COMMENT ABSTRACTS 


Comment on “Absence of Cooling in 
New Zealand and the Adjacent 
‘Ocean During the Younger Dryas 
Chronozone” 


Patrick J. Applegate, Thomas V. Lowell, 
Richard B. Alley 


Barrows et al (Reports, 5 October 2007, 0. 84) presented 
cosmogenic exesare dates and data from an ocean sed 
‘ment cove that challenge evidence for glacier advance in 
"New Zealand during the Younger Dyas event. We use mod 
eng of geomorphic processes io argue that their cosmo- 
‘genic exsosure dates are inconclusive. 

Fall text at wivasciencemag.oraicgi/contentiull’320/ 
5877/7864 


Response To ComMENT ON “Absence of 
Cooling in New Zealand and the 
Adjacent Ocean During the Younger 
Dryas Chronozone” 


‘Timothy T. Barrows, Scott]. Lehman, 
L Keith Fifield, Patrick De Deckker 


Applegate eta, present the resuls of a moraine degrada 
tion model and suggest tat the age ofthe Waino Loop may 
‘be 1000 years older than the age we presented, thus raising 
the possibilty thatthe moraine is 2 Younger Dryas land 
orm. We show that thisassessment is misleading on anum= 
berof grounds. 

Full text at wonsciencemag.orgicgi/contenttull320/ 
5877/7866 
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Protesting Scientists 


‘Audra J. Wolfe 


t the opening plenary session for this 
Acs annual meeting, outgoing 

AAAS president David Baltimore 
endorsed Science Debate 2008, 
petition asking the American 
presidential candidates to de- 
bate their positions on science, 
technology, and the environ- 
ment (/). Baltimore's call for a 
traditional political debate 
might at first seem a far ery 
from his days as a campus rad- 
ical and antiwar protester. But 
hard as it is now to believe, 
only 50 years ago activist sci- 
entists couldn't even get the 
AAAS Council to affiliate with 
2 Quaker group that called on 
scientists to participate in “con- 
structive” research. In Disrupting Science, 
Kelly Moore attempts to explain how scien- 
tists’ attitudes about the proper role of science 
and scientists in public life changed so dra- 
matically within two generations. 

In the years following World War Il, US. 
scientists found themselves deeply enmeshed 
in military and government contracts. Security 
clearances and classified work became the 
norm, particularly for the physicists and 
chemists associated with nuclear energy. How 
some of these scientists attempted to limit the 
destructive powers of their inventions, largely 
through governmental advising, is a familiar 
story. Not as well known is the path of 
activism that less-prominent scientists took 
when the limits to the physicists’ critiques 
became clear. Moore's well-researched ac- 
count introduces the pacifists, petition writ- 
ers, newsletter publishers, and protesters— 
scientists all—who doggedly drew attention 
to the ways that militarism was infiltrating the 
practice of science in the United States. 

Disrupting Science asks not only why scien- 
tists engaged in such sustained self-examina- 
tion but also how the different forms these 
actions took reflected changing notions about 
individual and collective responsibility, the 
nature of progress, and the structure of democ- 
racy. Moore focuses on three organizations that 
espoused very different approaches to social 
action: the Society for Social Responsibility in 


The reviewers at the Chemical Heritage Faundation, 235, 
Chestnut Sree, Philadelphia, °A 19106, USA. E-mail 
awolle@chemberitage org 


Disrupting Science 


Science, a Quaker fellowship that encouraged 
individual scientists to reject military contracts; 
the Committee for Nuclear Information (CND, 
a St. Louis-based group that 
pioneered information-based 
advocacy; and Science for the 
People, a decentralized radical 
collective that wanted a fin- 
damental reorganization of 
American science. Given these 
groups" varied levels of success 
by traditional measures such 
a organizational survival and 
political influence, Moore is at 
pains to say that their direct 
impact misses the 
point. Ukimately, she 
argues, these move- 
ments were impor- 
tant because they greatly expanded 
the range of options for scientists” 
political expression. 

‘Moore has a second, more sub- 
tle point, perhaps best illustrated 
through her account of the devel- 
‘opment and growth of CNI. In the 
four years following the March 
1954 Bravo test of the hydrogen 
bomb, the American public was 
presented with a number of com- 
peting claims about the dangers 
of atomic fallout. The Atomic 
Energy Commission issued sev- 
eral reports designed to allay pub- 
lic fears, claiming, for instance, that x-rays 
posed a greater threat to human health than 
atomic fallout. Meanwhile, geneticists such as 
Curt Stem, A. H. Sturtevant, and Hermann J, 
Muller publicly expressed concems that con- 
temporary radiation levels would lead to thou- 
sands of mutations in future generations. A 
fierce televised debate between Edward Teller 
and Linus Pauling on the scientific merits of a 
nuclear test ban only muddied the waters. Into 
this fray stepped Washington University biol 
ogist Barry Commoner with a plan to provide 
the public with more, rather than less, infor- 
mation. When CNI was created in the spring 
of 1958, its 182 founding members saw their 
mission as the provision of neutral informa- 
tion that would allow citizens to make their 
own informed decisions. 

This information-provision model was 
wildly successful, inspiring a number of suc- 
cessor groups such as the Scientists’ Institute 


Scientists clashing. In February 
hasted a heated debate on a nuclear test ban between Edward 
Teller (right) ané Linus Pauling (lef. 


for Public Information, the Committee for 
Environmental Information, and the Union of 
Concemed Scientists. Even so, these groups” 
officially “nonpartisan and formally apoliti- 
cal” approach fooled no one. In the case of 
NI, it was common knowledge that the sci 
entists involved opposed nuclear testing, and 
all the participants recognized that deciding 
what information to provide was, in itself, a 
political decision. At the same time that the 
authority of scientific knowledge became 
more enshrined in public consciousness, 
Moore argues, the authority of individual sci 
entists to speak from beneath the cloak of 
objectivity was in dec 
Moore (a professor at the University of 
Cincinnati is a sociologist rather than a histo- 
rian, and the book's grounding in social move- 
ment theory is its greatest strength. She is par- 
ticularly interested in countering a tendency in 
the social studies of science that considers sci- 


98, San Francisco's KQED-TV 


entists’ public actions primarily through the 
Jens of self-interested boundary work, and her 
examples serve as a welcome reminder that 
entists are people, too, with moral and religious 
convictions that influence their political 
choices. By ending her account with a nod to 
the vibrant growth of such new subdisciplines 
as green chemistry and wildlife ecology that 
draw onan advocacy base, Moore has written 2 
hopeful book. One could imagine an alternate 
ending in which she addressed the American 
scientific community’Sresponse (or lack thereof) 
tothe United States’ most recent round of mil- 
itary interventions. In choosing to skirt the 
issue, she leaves us to draw our own conclu- 
sions on the lasting legacy of postwar scien- 
tists’ activism against amiltaristic culture 
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Designers and 
Builders 
‘Thomas P. Hughes 


andsomely illustrated, Andrew Saint's 
He ‘and Engineer: A Study in 
Sibling Rivalry offers photographs, 
drawings, paintings, diagrams, or maps on 
almost every page. These convey the gist of 
the book. 

‘The text offers six case studies located in 
Britain, France, and the United States. The frst 
deals withthe roles of engineers and architects 
‘within the context of military construction and, 
organization in the 17th, 18th, and 19th cen- 
turies. The second and third cases consider the 
impact of so-called new materials, iron and 
concrete, on the interactions of engineers and 
architects, The fourth explores how bridges 
shaped the relationship. The fifth case, dealing, 
‘with major projects since the 1930s, reveals 
that architects and engineers grew closer 
together. Lastly, Saint (a historian of architec- 
ture and the general editor of the Survey of 
Loncion) covers the training of the two profes- 
sions inthe three countries. He stresses that his 
cases are not drawn from original 
research but from his readings in 
books and articles. 

In the opening chapter, Saint 
expounds on the role of Sebastian 
LePrestre, the Marquis de Vauban, 
history's most famous military 
engineer, who designed and built 
for Lonis XIV of France. The Sun 
King is remembered chiefly for 
Versailles, but among contempo- 
raries he was admired and feared 
in large part because of Vauban’s 
fortifications and siege-warfare. 
Louis XTV spent three-quarters of 
his total revenue on war Saint por- 
trays Vaubanas architect and engi- 
neer, which at the time were mud- 
dled together. Saint suggests that 
‘Vauiban’s work is not simply mil 
tary engineering, it is architec- 
‘ure—and even more, art. Further- 
more, Vauban, according to the 
author, had a system for his mili- 


‘The reviewer sat the Program in Science, 
Technology, and Society, Massachusetts 
Institute of Technology, ane the Depart- 
ment of History and Socilogy of Science, 
University of Pennsylvania, Philadelphia, 
P 19118-3925, USA. Email: thughes@ 
sasupentedu 


tary works, “which his assistants and follow- 
ers reduced to formulae.” Saint admiringly 
comments that Vauban’s citadels are Tike an 
orchestral composition. 

Saint's canvas is vast. He explores, for 
instance, the well-known late-19th-century 
Chicago school of architecture 
and the Opera House in 
‘Sydney. In telling about the JAS S 
Chicago school, he focuses 
upon Dankmar Adler and Louis 
Sullivan. They encompassed 
the tension among efficient 
engineering, good management, 
and art. They juxtaposed, Saint 
claims, structure and oma- 
‘ment, making them “stand for difficult, inter- 
locking paths in modem culture”—a quota- 
tion that demonstrates some of the difficulties 
in following the author's writing and reasoning. 

‘The section on the Opera House (begun 
1957; completed 1973) features the Anglo- 
Danish engineer Ove Arup and the Danish 
architect Jorn Utzon. Utzon consulted no 
engineer before submitting his winning 
design and was subsequently persuaded to 
‘work with Arup, whose firm focused on the 
difficult problem of the concrete “sails” or 
shells. After having bricked up the door 
between his and Arup’ offices, Utzon 


by Andrew 


construction ofthe Eiffel Tower in a series of photographs (1888). 


Architect and Engineer 


resigned fiom the project in 1966. He accused 
Arup of destroying the architects position, by 
dividing structure and architecture. In the end, 
Utzon, not Arup—the architect, not the 
engineer—would be remembered for the 
Opera House. Saint admires Arup and his 
approach to combining engi- 
neering and architecture, but 
notes, “For many architects 
design is all, construction only 
anaftermath,” 

In his introduction, Saint 
promises to reveal a pattern of 
relationship between the sib- 
Tings. Yet, he starts his concli- 
sion noting, “The patient 
reader will find that the answers proffered tend, 
to undermine the questions,” which left me 
puzzled. My understanding was not improved 
by remarks, shortly afterward, that “‘archi- 
tect’ ofien means the moving force behind 
any scheme of complexity” and that in com- 
‘mon English language, an “engineer is some- 
‘one who deals with machinery” 

Saint does offer helpful subtitles in the 
conclusion: “Were Architects and Engineers 
Once the Same?"; “How and Why Did 
Architect and Engineer Separate?”; “Have the 
Professions Been Reconciled?”; and “Art, 
Usefulness and Marriage.” Exploring these 
themes, he argues that in the later 
Middle Ages the two were the 
same. He then suggests that their 
separation during the Enlighten- 
‘ment and the Industrial Revolution 
was due to more-complex struc- 
tures, materials, and calculations 
(including descriptive geometry), 
with which architects were not 
trained to cope. In the 19th century, 
architects and engineers became 
reconciled because they realized 
that buildings needed to be seen 
as wholes, 

Unfortunately, rather than re- 
‘vealing a pattern, the author leaves 
the reader in limbo. For instance, 
he writes “If it is proper to regard 
artas.a consolation for the stresses 
and damage imposed upon us by 
material progress, then the way- 
ward pleasures of architecture can 
stand as a compensation for the 
compunctionless efficiencies of 
engineering” In the end, drawing 
‘on Ove Arup, Saint concludes that 
the interaction between engineer- 
ing and architecture can be seen as 
‘a marriage with the potential for 
both harmony and conflict. 
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PUBLIC HEALTH 


Reassessing HIV Prevention 


‘Malcolm Potts,"* Daniel T. Halperin ?*T Douglas Kirby? Ann Swidler.‘ Elliot Marseille:> 


Jeffrey D. Klausner Norman Hearst’ Richard G. Wam: 


everal decades into the AIDS pandemic, 

HIV transmission in most of the world 

remains firmly concentrated among sex 
‘workers, men who have sex with men (MSM), 
injecting drug users (IDUs), and their sex part- 
ners (1). In some parts of Africa, where over 
two-thirds of infections oceur globally, HIV 
has expanded outside these high-risk groups, 
creating generalized, predominantly hetero- 
sexual epidemics. In nine southern African 
countries, more than 12% of adults are in- 
fected with HIV. Such devastating epidemics 
have frequently been attributed to poverty lim- 
ited health services, iliteracy. war, and gender 
inequity. Although these grave problems 
demand an effective response in their own 
right, they do not appear to be the immediate 
causes of generalized epidemics (2). 

‘Some assumptions that drive current HIV 
prevention strategies are unsupported by rig- 
corous evidence. The presumption, for exam- 
ple, that poverty increases vulnerability to 
‘HIV infection is challenged by studies such as, 
an analysis of revent Demographic and Health 
‘Surveys (DHSs) from Africa, which shows a 
strong positive correlation between HIV 
prevalence and wealth in eight countries 
examined (3, 4) [see supporting online mate- 
rial (SOM)]. Among Kenyan women, HIV 
prevalence is 3.9% in the lowest economic 
quintile and 12% in the highest. A study of 
serodiscordant couples found that, across 12 
‘African nations, the woman was the HIV- 
infected partner in 34 to 62% of these couples, 
‘which suggests that many infections are not, 
as is commonly assumed, brought into the 
relationship by the man (4, 5). Affican regions 
suffering from conflict, genocide, and rape, 
such as Rwanda, Congo, and Angola, are 
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much less affected by AIDS than peaceful, 
wealthier, and more literate countries such as 
Botswana or Swaziland, which have the 
world’ highest HIV prevalence (6). 

‘Where multiple sexual partnerships, espe- 
cially concurrent ones, are uncommon, and 
Particularly where male circumcision (MC) is 
‘common, HIV infec- 


The largest investments in AIDS prevention 
targeted to the general population are being 
made in interventions where the evidence for 
large-scale impact is uncertain. 


multiple sexual partnerships (2, 4, 7, 9-11), 

‘Condom use. Condom promotion is effec- 
tive in epidemics spread mainly through sex 
work, as in Thailand (7, 10, 1/) and also, to 
some extent, among other high-risk groups 
such as MSM. Although condom use has also 
likely contributed to HIV decline in some gen- 


tionhas remained con- 

ccentrated in high-risk ais 

oputations (7). Niees, ee DUA 

a Mistim country where proeerse. 36376 

sexual behavior is re- 

atively constrained and STi management, 
‘MC is universal, has“ Goumefre S201 


an adult HIV preval- 


ence of 0.7% (1), de- PTC $662. Sod safety and 
spite being the lowest Gssmuty mabiiatn ther meal 
ranking country inthe “and communication. ‘werent 
‘Human Development S821 ae 

Index. Botswana, the Youth, $778 ver 51349 

second wealthiest co- Workplace 235 Condoms, $900 

untry in Sub-Saharan 

Alfie, has high levels yyyaips resqurce allocation estimates to achieve “universal access” to HIV 
of multiple concur- 


rent partnerships am- 
ong both sexes and 
lack of MC (8), with 
an HIV prevalence of 
25% (J) (see SOM). 
Several current prevention approaches 
‘have value, and the search for new, more effc- 
tive interventions must continue. However, 
especially given the severe human resource 
‘constraints in Africa, we are arguing fora shift 
in prevention priorities. 
Weaker Evidence for Effectiveness 
For generalized epidemics, most emphasis 
has been placed on the three “established” 
pillars of HIV prevention: condom promo- 
tion and distribution, voluntary counseling 
and testing (VCT), and treatment of other 
sexually transmitted infections (STIs) (4). 
Recently, the USA's global AIDS program 
thas also promoted abstinence. Although it 
can be difficult to assess exactly why HIV 
prevalence has fallen in some generalized 
epidemics, two other factors stand out as par- 
ticularly important: the epidemic’s natural 
progression, as the most susceptible popula- 
tions become infected and die (9), and 
behavior change, particularly declines in 


prevention by 2010 (in millions of US. dollars). Aithough interventions for high- 
risk populations are crucial, the resource allocation recommenced by UNAIDS is 
too smal for those approaches likely to have a major impact on generalized het- 
erosexual epidemics. (Note: uch ofthe funding for categories such as “high-risk 
populations” would actually go for interventions lite condom promotion) 


eralized epidemics, there is no evidence of a 
primary role (2,4, 10, 11). This is because con- 
sistent condom use has not reached a sufi- 
ciently high level, even after many years of 
‘widespread and offen aggressive promotion, to 
produce a measurable slowing of new infec- 
tions in the generalized epidemics of Sub- 
Saharan Africa. When most transmission 
‘oceurs within more regular and, typically, con- 
current partnerships, consistent condom use is 
exceedingly difficult to maintain (2, 4, 7, 10). 
‘HIV testing. Unfortunately, reviews of 
many studies have shown no consistent 
reduction in risk for those who test HTV- 
negative, although risk reductions in some 
who test positive have been reported (4, 12, 
13), Several HIV and STI incidence studies 
in Africa have found no population-level 
impact of VCT (12-14). Although a critical 
link to life-prolonging treatment, HIV test- 
ing is therefore unlikely to substantially 
alter the epidemic’s course [the potential for 
domestic violence against women who test 
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positive must also be considered (/5)). 

Treatment of other STIs. Six randomized 
controlled trials (RCTs) to measure the impact 
of STI treatment on HIV transmission have 
‘been published, Although the first study, in 
“Mwanza, Tanzania, found a nearly 40% reduc- 
tion in HIV when STIs were treated through 
syndromic management, subsequent trials 
found:no effect on HIV (16). Two recent RCTS 
to prevent HIV acquisition by treating genital 
herpes have been similarly discouraging (17). 
Although STI treatment remains eri 
broader public health programs, the popula- 
tion-level evidence for impact on HIV trans- 
‘mission, especially in generalized epidemics, 
appears minimal. 

Vaccines and microbicides. Work on vac- 
cine development has been sadly disappoint- 
ing. In 2007, large-scale efficacy trials were 
stopped prematurely owing to lack of impact 
or possibly even harm (17). Attempts 
to develop a female-controlled prevention 
method have been similarly discouraging; sev- 
eral microbicide candidates (and the cervical 
diaphragm) have failed (16). Microbicides 
‘would have considerably lower biological 
effectiveness than condoms and, even if effec- 
tive, might be unlikely to be used consistently 
enough, especially in longer-term partner- 
ships, to slow a generalized epidemic. 

Abstinence. Abstinence completely pre- 
vents sexual transmission, and young people 
should be encouraged to delay sexual debut 
(Z8). However, most HIV infections occur 
among people in their 20s or older, when most 
are sexually active and, thus, abstinence is 
unlikely to have a major epidemiological 
‘impact (4, 1). 

Interventions such as blood screening and 
preventing matemal-to-child transmission 
(PMTCT) are clearly effective, but only 
address a relatively small proportion of total 
HIV transmission. 


What Works 
Male circumcision. Over 45 observational, bio- 
logical, and other studies from the last 20 years 
have shown that MC significantly reduces the 
risk of heterosexual HIV infection (2. 7, 19. 
20). The population-level effect of widespread, 
“MC is observed in west Africa, where HIV has 
been present for many decades, yet prevalence 
remains relatively low (J, 7, 19, 20). All three 
recent RCTs of MC in Africa were stopped 
early for ethical reasons when initial findings 
demonstrated at least 60% reduction in HIV 
risk (/9, 20). The population-level impact, tak- 
ing into account “herd immunity.” could be 
even greater if a large proportion of men 
become circumcised (19, 20). Unlike most 
other interventions, MC is a one-time proce- 


dure that confers lifelong protection. Modeling 
suggests that MC could avert up to 5.7 million 
new HIV infections and 3 million deaths over 
the next 20 years in Sub-Saharan Africa, many 
of these among women (2/). 

‘A dozen acceptability studies and on-the- 
ground experience in many high-HIV-preva- 
lence A frican countries demonstrate that the 
majority of uncircumcised men and their 
female partners accept and want MC services 
(typically for reasons of hygiene and sexual 
pleasure) (22). In Swaziland, men almost 
‘Hoted because circumcision services were not 
available (20). Studies suggest that up to 
80% in high HIV-prevalence countries like 
Botswana and Swaziland would seek MC if it 
‘were safe and inexpensive (22). 

Donor agencies have the opportunity to be 
proactive, but African governments and civil 
society must take the lead, as has begun to 
‘occur in several countries (19). MC must be 
combined with behavior change, especially 
promotion of partner reduction and consistent 
condom use (1, 2, 19). Over time MC, which 
has been called a “surgical vaccine,” would 
probably protect more women, albeit indi- 
rectly, than nearly any other achievable HIV 
prevention strategy (/9-2/). 

Reducing multiple sexual partnerships. 
Another preventive measure that has had a 
powerful impact and that could have even 
greater effect, if it were more widely and 
assertively promoted, is partner reduction (2, 
4,7, 11, 18, 23-25). In Uganda, HIV preva- 
ence declined dramatically following the 
extensive “Zero Grazing” campaign of the 
late 1980s (2, 7,1, 23) WHO surveys con- 
ducted in 1989 and 1995 found a >30% 
reduction in the number of people reporting 
‘multiple and casual partners (17, 23-25). In 
Kenya, partner reduction and fidelity also 
appear to have been the main behavioral 
change associated with the recent HIV 
decline (2, 4, 7). Similar behavior change has 
been reported in DHS surveys in Zimbabwe, 
where HIV has also fallen (I, 2, 7,26), along 
with Ethiopia (7, 12), Céte d'Ivoire, and 
urban Malawi (see SOM). In Swaziland, the 
number of people reporting two or more 
partners in the past month was halved after 
an aggressive 2006 campaign focusing on 
the danger of having a “secret lover” (7). 

There are, however, few demonstrated 
replicable approaches to reducing multiple 
sexual partnerships on a large scale. None- 
theless, mass mobilization of the community, 
as occurred with gay men in the United States 
and among heterosexuals in Uganda, can effec- 
tively encourage behavior change (J8, 23, 25) 
‘And the Ugandan experience suggests that 
both partner reduction and combating stigma 


can be successfully achieved (24, 25). 


What Can Be Done Now? 
Currently, the largest donor investments are 
being made in interventions for which evi- 
dence of large-scale impact is increasingly 
‘weak, whereas much lower priority is given to 
interventions for which the evidence of poten- 
tial impact is greatest (see figure, page 749). 
About 1% of total requested funding is for 
MC, and probably only a fraction of “commu- 
nity mobilization and massmedia” and “work- 
place” efforts would be focused on reducing, 
multiple and concurrent sexual partnerships. 
‘This balance needs to be reassessed. 
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Designer Atomic Nuclei 


Bradley M. Sherrill 


much attention for its ability to con- 

struct objects with individual atoms 
and molecules, at a scale roughly a billion 
times smaller than the objects we encounter in 
‘our everyday lives. In parallel to nanotechnol- 
‘ogy’s often astonishing achievements, scien- 
tists have started to build a capacity to do use- 
ful work on an even more minute scale 
During the past decade, chemists and physi- 
cists have begun a fabrication process at the 
scale of the atomic nuclei. [tis an emergent 
‘means of producing, in sufficient quantities, 
“designer” atomic nuclei, which are new, rare 
isotopes with unusual numbers of neutrons or 
protons, or unusual decay modes (1). There 
are several reasons why a latent demand exists 
Within the scientific community for new iso- 
topes. One is that the properties of particular 
isotopes often hold the key to understanding 
some aspect of nuclear science. Another is 
that the rate of certain nuclear reactions 
involving rare isotopes can be important for 
‘modeling astronomical objects. Finally, the 
Pursuit of ever more exotic isotopes some- 
times advances basic understanding of the 
muclear landscape, along with unexpected 
areas of application. 

‘The capacity to produce and study single 
atoms represents a “technical capability” on 
the nuclear scale. For example, superheavy 
isotopes of light elements, such as lithium, 
have such a high ratio of neutrons to protons 
that the neutrons have a relatively low binding 
energy. Quantum mechanically, the wave 
function of the neutrons can extend far beyond 
the normal range of the nucleus. In the case of 
HL, the nucleus stretches capaciously to 10 
fin (or 10  m) across, which corresponds to 
nearly 10 times the volume of a normal “Li 
‘nucleus (2) (see the figure). The existence of 
such nuclei allows researchers to study the 
interaction of neutrons in nearly pure neutron 
‘matter, similar to what exists in neutron stars 
(3). A recent study of the charge radius of 
Li provides key information for ab initio 
‘nuclear theory (4). 

In addition to the discovery of nuclei with 
very atypical characteristics, such as "Li, 
access to key isotopes has shown that the 
‘quantum “magic numbers” in nuclei are not, 


T= rise of nanotechnology is gamering 
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Proton number 


New isotopes with unusual decay modes or 
number of neutrons are having impacts in 
areas ranging from astrophysics to medicine. 


“Standard magic numbers 


if 


Nuclear landscape. Each isotope is represented by a square at its respective neutron and proton number. 
Stable isotopes are black, yellow indicates isotopes produced so far, anc green represents the possible range 
‘of future isotopes that may exist. The rich variety of nuclei is indicated by the depiction of three isotopes *He, 
BU, and Ra, For example, Lihas a diffuse surface of neutron matter, unlike normal nuclei, and its size 
is similar to that of the much heavier “Ra, 


always the same, which is contrary to what is, 
observed for electrons in atomic physics. In 
atomic physics, the filling of quantum orbits 
‘means that atoms with an atomic number of 2, 
10, 18,36, 54, or 86 will always be a noble gas. 
‘The standard magic numbers for miclei—2, 8, 
20, 28, 50, 82, and 126—are only valid for the 
stable isotopes found in nature and can change 
dramatically for very exotic isotopes (5). We 
know, for example, that a nucleus with 28 neu- 
trons is sometimes but not always magic (6). 
However, a change in the magic numbers in 
rare isotopes is not always found. A recent 
‘mass measurement of the rare isotope "Sn, 
with a proton number Z of 50 and neutron, 
‘number N of 82, found it to have the largest 
measured shell gap, which is the energy dif- 
ference between the filled shell model orbit 
and the next unfilled one (7). 

Atomic nuclei fitel the fusion processes in 
stars, and their reactions are responsible for 
the chemical evolution of the universe. The 
gold found on Earth was probably created in 
supernovae explosions sometime in the dis- 
tant past, but the details of how, where, and 
‘when are not known. Access to new isotopes 
can refine our models of stellar processes. 


Key reactions such as proton capture on 
radioactive sodium can now be measured (8), 
and production of radionuclides in novae 
explosions more reliably modeled. Goals in 
this area include the production of isotopes 
relevant to nucleosynthesis in supernovae and 
development of an understanding of the r- 
‘process that creates heavier elements. Recent 
progress in measuring the elemental abun- 
dances in old stars has revealed a wealth of 
information about how the elements are cre- 
ated, but reliable modeling of these processes 
requires more nuclear physics input (9). 
Access to unusual nuclei also provides 
the possibility to study new modes of 
nuclear decay. A new radioactive decay 
‘mode, the emission of two protons from an 
atomic nucleus, was recently studied in 
great detail and found to correspond to a 
three-body decay, as opposed to the emis- 
sion of a He pair (0). This experiment was 
performed by literally photographing the 
decay of individual, exotic “Fe nuclei. It is 
far too early to speculate about any future 
applications such new nuclear decay modes 
may provide, but in the past, the discovery 
of new decay modes formed the basis of 
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techniques such as positron emission tom- 
ography (11). 

‘There are a host of other potential applica- 
tions for designer nuclei and the advanced 
accelerator technology that will create them. A 
\wider range of available isotopes should bene- 
fit the fields of biomedicine (by producing an 
expanded portfolio of radioisotopes), inter- 
national security (by providing the technical 
“underpinning to nuclear forensics specialists), 
and nuclear energy (by leading to better under- 
standing of the sort of nuclear reactions that 
will power cleaner, next-generation reactors). 


‘The scientific opportunities were outlined in a 
recent report from the National Academies Rare 
Isotope Science Assessment Committee (12). 

Approximately 270 isotopes are found 
naturally on Earth. However, many more iso- 
topes—the number today stands at slightly 
over 3000—can be produced by particle 
accelerators or in nuclear reactors. With such 
an ever-expanding menu of a la carte iso- 
topes, unforeseen applications and insights 
are surely possible. 
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ECOLOGY 


How the Sahara Became Dry 


Jonathan A. Holmes 


round 14,800 years ago, 2 
strengthening of the summer 
‘monsoons led to a dramatic 

increase in North African lakes and 

‘wetlands and an extension of grass- 

Jand and shrubland into areas that are 

now desert (J), creating a “green 

Sahara” (see the first figure). On 

page 765 of this issue, Krdpelin et al 

(2) report a lake sediment record that 

sheds light on how this “African 

‘Humid Period” came to an end. 

Current knowledge of the climate 
history of North Africa comes from 
three main sources. Lake sediments 
provide information about the size 
and distribution of former lakes and 
preserve pollen from past vegetation 
(3). Marine sediments from the equa- 
torial Atlantic also preserve evidence of envi- 
ronments on the adjacent continent (4). 
Finally, climate models (5) allow past pattems 
of precipitation and vegetation to be recon- 
structed, helping to elucidate the mechanisms 
underlying change. 

‘However, lake sediments may have uncer- 
tain chronologies and are often discontinuous 
in the drier parts of North Africa. Ocean sedi- 
‘ment sequences are often uninterrupted and 
well dated, but integrate information from a 
wide area, making it difficult to reconstruct 
regional patterns. Models reconstruct past cli 
mate and vegetation patterns with variable 
success, and model results must be validated. 
using the geological records. 
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A different past. This tropical savanna wit 
is a possible analog for the “green Sahara.” 


In general, the evidence shows that the 
African Humid Period came to an end 
between ~6000 and ~4000 years ago. Beyond 
this, there is much uncertainty. Krépelin et al. 
now fill an important gap in our understand- 
ing of the past 6000 years of North frican cli- 
‘mate through their study of a sediment record 
from Lake Yoo in northem Chad. The record 
comes from one of the few Saharan Jakes in 
which sediments have accumulated without a 
break during the Holocene (the past 11,500 
years). Despite its hyperarid location, the lake 
is fed by ancient groundwater and therefore 
does not dry up. The authors infer the past 
salinity of the Iake—a proxy for effective pre- 
cipitation—from the remains of diatoms and 
aquatic invertebrates preserved in its sedi- 
‘ments and reconstruct the vegetation history 
of the surroundings from pollen. Ground- 
‘water input has reduced the lake's hydrologi- 


A continuous lake record elucidates how 
‘Saharan climate changed gradually from 
humid to today's desert conditions. 


cal sensitivity to climate change, 
but the reconstructed salinity val- 
ues still provide a record of chang- 
ing precipitation, Finally, the 
authors reconstruct the input of 
atmospheric dust to the lake using 
mineral magnetic measurements; 
dust flux reflects wind regimes and 
the extent of vegetation coverin the 
surrounding landscape. The results 
show that vegetation and dust fax 
changed gradually over the past 
6000 years, accompanied by 
the slowly weakening monsoon, 
whereas a rise in lake salinity 
~4000 years ago was more abrupt 

Sediments from the equatorial 
Atlantic suggest that dust export 
from North Africa increased 
sharply ~5500 years ago, implying that the 
end of the Affican Humid Period was abrupt, 
(see the second figure, panel A) (4). This is 
something of a puzzle, because the reduction 
in the seasonal contrast in insolation—the 
fundamental driving force behind the 
weakening of the African monsoons in the 
Holocene—has been gradual (see the second, 
figure, panel D), Climate modelers have 
shown that feedbacks involving changes in 
vegetation, surface albedo, and sea surface 
temperature are important in explaining the 
strong monsoon of the early to mid-Holocene 
(5, 6). However, the spatial and temporal pat- 
terns of change are less faithfully recon- 
structed by models. 

‘Moreover, there is disagreement about the 
abrupiness of mid-Holocene aridification. 
Several simulations indicate an abrupt col- 
lapse in both vegetation and precipitation 
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between ~6000 and ~4000 years ago that is 
consistent with the marine dust-flux record 
(7). However, various simulations suggest that 
precipitation changed more gradually, accom- 
panied by vegetation collapse in some models 
‘but steadier decline in others (8). 

‘Even the continental geological evidence is, 


Evolution of mid- to late-Holocene climate of 
North Africa. Saharan dust fux over the tant (4) 
increased sharply 5500 years ago [arrow in (A, 
suggesting an abrupt end to the African Humid 
Period, whereas recards Irom the West Alrican Sahel 
(10) show a tater rise [arrow in (8). A reduction in 
stamp forest in the Sahel (9), indicated by Guinean 
tree pollen (), accompanied the demise of wetlands 
and broadly followed changes in insolation (D). 


‘equivocal. The appearance of abrupt drying of 
the Sahara might have arisen from the removal 
of sediments from many basins by the wind 
following desiccation during the mid-Holocene. 
Added to this, there is a dearth of well-dated 
sites in the Sahara, truncated or otherwise (3). 
In the Sahel, the semiarid southern fringe of 
the present-day Sahara, continuous and well- 
dated Iake-sediment sequences do not support 
the idea of abrupt crying either; here, changes 
in vegetation were gradual (9) (see the second 
figure, panel C) and dust flux increased later 
than 5500 years ago (see the second figure, 
panel B) (70). However, the extent to which 
these Sahelian records are more widely repre- 
sentative is uncertain. 

‘The evidence from Lake Yoa reported by 
Krdpelin et al, adds a new dimension to the 
problem. The continuous and well-dated 
pollen record for this site shows no abrupt 
change in vegetation in the mid-Holocene. 
‘The rise in Lake Yoa's salinity was rapid, but 
this was almost certainly a response to a local 
threshold being crossed as the lake changed 
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from hydrologically open to hydrologically 
closed, rather than to abrupt climatic drying. 
‘The relatively smooth rise in dust flux is con- 
sistent with the gradual reduction in vegeta- 
tion cover. Krépelin et al. conclude that the 
vegetation feedbacks that have preoccupied 
modelers of the African monsoons must have 
been weaker than previously thought. 

‘The record does not provide the last word 
on the tempo of Holocene aridification in 
North Africa, but it does raise important 
questions about Holocene environmental 
changes across the area and about the nature 
of feedbacks in the climate system. There is 
little point in calling for further continuous 
records to help resolve these issues: As 
KrSpelin ef al. point out, suitable sites proba- 
bly donot exist. However, improving existing 
geological records and using these to refine 
climate models would go a long way toward 
furthering our understanding. 
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AIDS/HIV 


A STEP into Darkness or Light? 


John P. Moore,"* P. J. Klasse,’ Matthew J. Dolan? Sunil K. Ahuja** 


adenovirus serotype 5 (Ad5) vector- 

based HIV-1 vaccine last November 
(STEP trial) was unexpected. Not only was the 
‘vaccine ineffective at lowering plasma viremia 
postinfection, but it may have increased the risk 
of acquiring HIV-1 infection. Although firm 
conclusions cannot be drawn based on the 
small number of infections that occurred (49 in. 
the vaccinated patient group, 33 in the placebo 
group), it has been suggested that vaccine- 


T: outcome of the efficacy trial of an 
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induced generalized immune activation, which, 
can promote HIV-I replication, might have 
increased the infection risk (1). 

‘The vector-based vaccine used in the STEP 
trial was a recombinant Ad5 virus expressing 
immunogenic HIV-1 proteins. A higher num- 
ber of HIV-1 infections occurred in the subset 
of vaccinees with high, preexisting titers 
of AdS-specific antibodies, compared with 
placebo recipients. One possible explanation is 
that anti-Ad5 antibodies facilitate cellular 
uptake of the Ad5 vector (perhaps by cells 
other than the ones normally targeted), induc- 
ing an immune response that enhances HIV-1 
infection. Although immune responses to viral 
infections are usually protective, they can also 
be harmful (as with West Nile, dengue, 
measles, and respiratory syncytial virus infee- 
tions). For example, a low-titer antibody re- 


‘The recent failure of a vector-based HIV vaccine 
may be explained by individual subjects’ 
immune capacity and genetics. 


sponse to West Nile virus can enhance viral 
replication and exacerbate disease (2). Whether 
similar events occur after vaccination with an 
‘AdS or similar viral vector is now something 
to consider. 

One way to examine the apparent effect of 
anti-Ad5 antibodies is to plot the relative risk 
of HIV-1 infection in the STEP trial groups as 
a function of antibody titer (see the figure) 
Unexpectedly, the higher the anti-Ad5 anti- 
body titer in the placebo group, the lower the 
HIV-1 infection rate. By contrast, infection 
risk in the vaccinated group appears similar at 
high and low titers. Given statistical imita- 
tions, a conservative explanation is that these 
pattems arise by chance. However, because of 
the need to understand all aspects of the STEP 
trial, we here consider whether the data pat- 
tems are meaningful. 
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It seems implausible that AdS-specific 
antibodies directly protect against HIV-1 
infection, as no reasonable mechanism is 
apparent. On the other hand, it may be that an 
individual with a high-titer AdS-specific anti- 
body response can better resist HIV-1 infec- 
tion naturally. The anti-Ad5 antibody titer 
could thus be a surrogate marker for a host 
genetic constitution that confers reduced sus- 
ceptibility to HIV-1. Other factors, perhaps 
including immune activation, might outweigh 
this effect in Ad5 vaccine recipients. 

A possible precedent arises from two earlier 
HIV-1 vaccine trials with the gp120 glycopro- 
tein protein of HIV-1 (AIDSVAX). The infec~ 
tion rates were almost the same in vaccine and 
placebo recipients, but the titers of gp120-bind- 
ing antibodies and the risk of HIVE1 infection 
‘were inversely correlated (3) (see the figure). It 


‘Anti-AdS antibody titer 
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‘99120-CD4 titer range 


is not likely that this correlation arose because 
binding antibodies are themselves protective. 
For the overall trial outcome to be neutral (the 
vaccine conferred no protection compared to 
the placebo), if above-average titers of gp120- 
binding antibodies directly protected against 
infection, then below-average antibody titers 
‘would also have to act directly to place individ- 
uals ata greater risk of infection than placebo 
recipients. This seems improbable. The authors 
of this study argued that the ability to mount a 
sttong anti-gp120 antibody response inversely 
measures susceptibility to HIV-1 infection. 
‘This scenariomight also apply to high anti-AdS 
antibody titers in the STEP trial. Hence, indi- 
viduals that can mount strong antibody and 
possibly other relevant immune responses to 
pathogen antigens may be inherently more 
resistant to HIV-1 infection—they have “bet- 
terimmune systems” 

‘There is a modest but significant tendency 
for individuals with weak antibody responses 
toone component of a vaccine against measles, 
‘mumps, and rubella (MMR) to also respond 
poorly tothe other vaccines (). Moreover, anti- 
body responses to measles and mumps vac- 
cinesare influenced by host genetics, including, 


genes encoding antigen-presenting proteins 
[human leukocyte antigen (HLA)] that are 
important for immune function, and single- 
‘nucleotide polymorphisms in genes encoding 
cytokines or their receptors, such as inter- 
eukin-2 (IL-2), IL-10, and IL-12 receptor B(S, 
6). An extrapolation to HIV-1 vaccines sug- 
gests that a broad range of host factors, not just 
those affecting humoral immunity, might inffu- 
ence protection. For example, IL-10 might 
affect vaccine responses (and susceptibility to 
infection) by influencing both cellular and 
‘humoral immunity (7, 8); gp120 triggers IL-10 
production by specific immune cells (dendritic 
cells) to an extent that varies greatly between 
individuals (9), which may be relevant to 
understanding the wide range of anti-gp120 
antibody titers seen in gp120 vaccinees (3). 
Host genetic factors may confound HIV 


‘More complexity is created when the same 
vaccine is tested in different geographic areas 
with genetically diverse populations. The 
STEP trial was conducted mostly in North 
‘America and the Caribbean, but a second, now 
abandoned, trial (PHAMBILD was initiated in 
southern Affica. HIV-1-host interactions rele- 
vant to the natural history of the epidemic and 
vaccine responsiveness may be population 
specific. Indeed, CCRS genetic determinants 
influencing AIDS progression rates differ in 
European Americans and Affican Americans 
(10). HIV-A acquisition risk isa product of the 
susceptibility of uninfected persons and the 
communicability of HIV-1 from the infected 
person (/9, 20). Communicability is dictated 
in part by the transmitter’ viral load (19-22), 
which is influenced by host genetics (14, 15), 
and also by the genetic makeup of both sexual 


Possible influence of antibody titers on risk of HIV-1 infection. Data from (1) show there 


alive risk of FIV-1 infection in the AdS-vaccinated (triangles) and placebo (squares) groups from 


: the STEP trial, as a function of the anti-AdS antibody titer range. An anti-AdS antibody titer of 
-<1B does not mean that an individval has never been exposed to AGS, as some infected people 
have subthreshold responses. Data from (3) (circles) show the relative risk of HIV-1 infection in 
recipients of AIDSVAX (gp120) asa function of the titer range of antibodies that block gp120 
from binding to CD4, a receptor used by HIN-1 to gain entry into host T cells (other measures of 
the antibody response to gp120 yield broadly similar plas). The confidence limits on both data 
ses (not shorn) are broad. Bath studies are large (5403 participants inthe AIDSVAX trial; analy- 
sis ofthe STEP data is based on asubset of 1836 of those enrolled). The statistical significance of 
the rend shown for the AIDSVAX data is established (3), whereas significance of the rend among 

. the STEP datais debatable (1). Comparison ofthe associations is therefore speculative. Not every 


vaccine recipient was given gp120. 


‘vaccine trial evaluation (70-15). For example, 
genotypes of CCRS, the major HIV-I co-recep- 
tor, and the gene copy number of CCL3LI, the 
‘most potent and HIV-1-suppressive CCRS lig- 
and, together influence cell-mediated immunity 
in both HIV-1-negative and —positive individu- 
als (15). Genotypes associated with reduced 
cell-mediated immune responses were similar 
in the control and HIV-1-infécted groups, and 
predicted an enhanced risk of acquiring HIV-1 
and a faster disease course (15). Thus, an indi- 
‘vidual with a “better immune system” might 
indeed resist HIV-1 infection or partially con- 
trol replication. This is consistent with observa- 
tions that pre-seroconversion immune status 
predicts the rate of HIV-1 infection and rate of 
immume cell (CD4*T cell) depletion postinfec- 
tion (15-17). A caveat against focusing nar- 
rowly upon the antibody response in the STEP 
trial is supported by the use of cell-mediated 
immunity-related parameters to define pre- 
seroconversion immune status in the aforemen- 
tioned studies (75-17). Thus, risks for HIV-1 
infection may be associated with risks for “a 
broader spectrum of immunological chal- 
lenges” that are “reflected in the T cell reper- 
twires of exposed individuals” (18). 


incividval may have been exposed to AGS in the STEP trial, whereas in the AIDSVAX trial, every 


partners. For example, transmission is more 
efficient when sexual partners share similar 
HLA class [alleles (23). Thus, even small dif- 
ferences inthe frequencies of disadvantageous 
genetic variants in different vaccine trial 
cohorts might have a disproportionately large 
effect on the likelihood that genetically “at- 
risk" transmitters will encounter similarly “at- 
risk” recipients. Clinical trial design should 
take into account the genetically defined indi- 
vidual differences in both susceptibility and 
transmissibility to better understand puzzling 
‘outcomes. Knowledge of population-specifie 
host factors might also help identify what pro- 
tective effects ae attributable to the vaccine or 
to the host genotype. 

Perhaps the STEP trial outcome signals 
that.a step back is needed to seek more illumi- 
nation on correlates of protection and suscep- 
‘ibility, rather than initiating trials of broadly 
similar vaccines (24). Additional studies on 
HIV-1 vaccine cohorts, coordinated with 
studies of natural infection, might yield use- 
ful information about genetic factors influ- 
encing both variable vaccine responses and 
variable susceptibility to infection. Do titers 
of antibodies to common viral and nonviral 
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pathogens, including AdS, correlate with 
anti-gp120 antibody titers and HIV-1 infee~ 
tion status? What host genetic factors corre- 
late with strong and weak antibody responses? 
HIV-1 vaccine research must finally step 
away from its roots in empiricism and em- 
brace new discoveries in immunology and 
host genetics (24-26), 
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BIOCHEMISTRY 


Tinkering with Acellular Division 


Joe Lutkenhaus 


ne way to understand a 
O |complex biological process 

is to reconstitute it from 
purified components. Among many 
notable successes are the initiation 
of bacterial DNA replication, pro- 
tein secretion in prokaryotic and 
eukaryotic cells, and assembly of 
the mitotic spindle that segregates 
chromosomes during eukaryotic 
cell division. For many other 
complex processes, reconstitution 
seems feasible, but for cytokine- 
ssis—the last stage of cell division in 
which the cytoplasm is divided to 
produce two daughter cells—this 
seems formidable task. One might 
assume that a cell would be neces- 
sary to reconstitute such a phenom- 
enon. However, two papers in this 
issue—by Osawa et al. on page 792 
(2) and by Loose et al. on page 789 
(2)}—indicate that bacterial cyto- 
kinesis may be achievable in a cell- 
free system. 

Cytokinesis in almost all bacte- 
ria_and archaea, and in some 
organelles (chloroplasts and some mitochon- 
dria), uses a cytoskeletal element called the 
Z ring (3), which consists of filaments of poly- 
merized FtsZ protein (see the figure), the bac- 
terial homolog of the eukaryotic cytoskeletal 
protein tubulin (4). The Z ring provides a scaf- 
fold to recruit at least 10 additional proteins 
required for cytokinesis, many of which link 
the Z ring to synthesis of a new cell wall that 
accompanies formation of the septum. Though 
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Simple and elegant. The oscillation 
‘f Min proteins from end to end ina 
bacterium confines the Z ring (com: 
posed of FtsZ protein filaments) to 
the midcell region, where the final 
stage of cell division will occur. (Inset) 
Fluorescently labeled MinD (green) 
‘and FtsZ (red) are shown in an E.coli 
‘ell. {Reprinted from (18) with per- 
mission from Witey-Biaciwel] 


conserved in most bacteria, 
these proteins are not present in 
the simplest bacteria that lack a 
cell wall. In these bacteria, only 
FisZ is found, raising the ques- 
tion of whether itis sufficient for 
constriction of a bacterium lack- 
ing a rigid cell wall 

FisZ does not attach directly 
to the bacterial membrane but 
uses a short, conserved car- 
boxyl-terminal tail to bind to 
other membrane-bound pro- 
teins (5). Even in bacteria that 
Jack a cell wall, this FtsZ tail is 
conserved suggesting that some 
as yet unknown protein is involved. To cir- 
cumvent this requirement for membrane 
attachment in a reconstituted system, Osawa 
et al. replaced the conserved tail with a fluo- 
rescent protein and an amphipathic helix bor- 
rowed from the bacterial peripheral mem- 
brane protein MinD. After mixing this fusion 
protein with phospholipid vesicles and guano- 
sine 5‘-triphosphate (GTP, needed for poly- 
merization of FtsZ), they observed Z rings 
moving within cylindrical tubes of lipid 
Coalescence of faint rings into brighter rings 
led to partial constriction of the tube. With 
limiting GTP, constrictions at the Z rings dis- 


Self organization of proteins involved in 
bacterial cell division is demonstrated in vitro. 


appeared as the constrictions were resorbed. 
The study thus reveals that a dynamic Z ring 
can produce a force capable of initiating a 
constriction and argues that FIsZ, itself (pro- 
vided it is attached to the membrane) can 
assemble the Z ring, 

FisZ filaments are thought to be too short to 
form a complete ring (6). One possibility is 
that the ring is built through lateral interaction 
of the filaments, Also, the coalescence of faint 
‘ings to form the brighter rings that cause con- 
striction suggests that lateral interactions 
between filaments may be involved. This is 
somewhat controversial as no contiguous ring 
of filaments is observed by electron tomogra- 
phy, a technique with high resolution (7). 
Perhaps not all filaments in the ring are pre- 
served with this technique or membrane-teth- 
ered filaments are brought together by mem- 
brane distortions caused by their lipid anchors. 

In the dividing bacterial cell, a Z ring is 
present long before constriction begins (8, 9). 
This suggests that one of the roles for the addi- 
tional cell division proteins is regulatory—to 
hold the Z ring in check until the appropriate 
‘signal for constriction is received. Spatial reg- 
ulation ensures thatthe Z ring forms at the cell 
center (10, 11). In the model bacterium 
Escherichia coli, an important component of 
spatial regulation is a rapid oscillator that shut- 
tles an inhibitor of Z ring assembly between 
the ends of the cell. This oscillation occurs 
many times during the time course of a cell 
division cycle, resulting in a time-averaged 
‘concentration of the inhibitor that is lowest at 
midcell. The oscillator consists of an adeno- 
sine triphosphatase (ATPase) (MinD) and an 
activator (MinE). The dynamic behavior of 
these proteins results from the ATP-dependent 
accumulation of MinD on the membrane fol- 
lowed by its recruitment of MinE (J2, 73). 
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“MinE stimulates the ATPase, releasing the pro- 
teins from the membrane. A challenge has 
bbeen to understand how this dynamic interplay 
with the membrane is translated into a very 
orderly oscillation inthe confines of the cel 

‘The simplicity of this system has attracted 
mathematical modelers seeking to determine 
the essential features necessary to produce the 
oscillation (J). Although none of the models 
are yet predictive and several variations exist, 
they suggest possibilities for the underlying, 
mechanisms. A common basis forthese models 
isthat interactions between the proteins and the 
‘membrane prevent a uniform distribution—so- 
called dynamic instability. But questions have 
remained as to whether Min and MinE are 
sufficient to generate the oscillations. 

As a first attempt to recreate the oscilla- 
tion, Loose et al. added fluorescently labeled 
MinD, MinE, and an energy source (ATP) to 
‘an enclosed system containing a lipid bilayer 
supported on a mica surface. An initial even 
distribution of the proteins on the bilayer 


evolved into waves of MinD and MinE mov- 
ing across the surface. Each wave consisted of 
a wide band of MinD with a peak of MinE at 
the lagging edge of this band—MinE chewing, 
away at the MinD with the released MinD 
regrouping at the leading edge of the band, 
resulting in a traveling wave. This wave is 
reminiscent of the oscillation in vivo where 
MinE chases MinD from midcell to one end 
of the cell (75-17) 

The studies by Osawa ef al. and Loose et 
al. show that two important components of 
bacterial cell division can self-organize once 
they are put into a container. So elegant and so 
simple. With the Z ring and the Min oscilla- 
tion established in vitro, the next question is 
whether these systems can be combined to 
achieve spatial regulation. 
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MATERIALS SCIENCE 


High-Frequency Chip Connections 


Todd J. Spencer, Tyler Osborn, Paul A. Kohl 


the bandwidth needs for 

future electronic systems 

are expected to expand in 
the next decade because of the 
large data requirements of multi- 
‘media and high-performance com- 
‘puting systems. With the frequency 
of high-speed input-output (UO) 
connections expected to increase 
from the 2 GHz currently avail- 
able to more than 67 GH (1), this 
‘will require not only fast and reli- 
able processors, but equally fast and reliable 
data links between system components 
and the network. We discuss some of the 
advances that have been achieved and the 
challenges that lie ahead for high-perform- 
ance interconnects. 

High-speed communication between 
microprocessors and other chips or net- 
‘works depends on both electrical and optical 
links. Optical links are particularly benefi- 
cial over long distances (tens of meters to 
several kilometers) because of the low loss 
in optical fibers. Multiple data sets can be 
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transmitted through the same fiber, provid- 
ing higher data rates than those achievable 
electrically. Signal-processing techniques 
can also improve data rates but have disad- 
vantages in circuit complexity and power 
dissipation. Optical interconnects also 
perform well at short distances (tens of 
micrometers to meters) (2), but integration 
is difficult because of the requirements of 
precise alignment and losses at 90° routing 
angles. Optical sources and receivers must, 
also be maintained at prescribed tempera- 
tures to prevent changes in operating charac- 
teristics (such as wavelength and current) 
that can render the device inoperable. 
Electrical connections alleviate many inte- 
{gration challenges in high-performance com- 


ET 


Better interconnects. (Left) To copper pilars joined through an electroless 
fusion process. (Right) Cross section of air-fsolated microstrip line. 


Advanced interconnects will be required to 
keep pace with the increasing speed of future 
microelectronics. 


puting systems but require im- 
provements to reduce the signal 
Joss, An electrical signal falls off 
exponentially, with a decay con- 
stant 7, along the length of a 
transmission line. This signal 
decay arises from electrostatic 

i.e., capacitive) and magnetic 
(i.e., inductive) contributions 
from the circuitry. To achieve low 
loss, the lines must have insula- 
tors that provide low capacitance 
and inductance. The lines must also be insu- 
ated from neighboring lines to prevent 
cross-talk and undesirable capacitive cou- 
pling and inductance that contribute to 
noise in the circuit. 

‘Formore than a decade, the first-level con- 
nection between a high-performance chip and 
the external circuitry has typically been made 
vvia solder ball connections between the chip 
and an epoxy-fiberglass substrate. However, 
solder has many restrictions as the intercon- 
nect size continues to shrink. The formation of 
brittle copper-tin intermetallics can compro- 
mise thermomechanical reliability. Solder 
also has low electromigration resistance, 
which becomes important as the diameter of 
interconnects is reduced and current density 
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increases. Solder connections are limited to 
spheres withan aspectratio of 1:1 (beight:diam- 
eter), making connections with high aspect 
ratios (large chip-to-substrate stand-off dis- 
tances) very difficult to fabricate. This causes 
difficulties with flow in the placement of 
‘underfill (a stress-distributing layer around 
the solder balls). Fragile on-chip interlayer 
dielectrics require lawer-stress UO sos not to 
cause fracture. 

‘The next frontier is an all-copper chip-to- 
substrate interconnect, which would eliminate 
‘many of the problems with solder. Copper has 
superior electrical properties relative to solder 
with respect to both electrical conductivity and 
electromigration resistance. It also has supe- 
rior mechanical properties, such as yield stress 
and elastic modulus, that allow for the design 
of mechanically compliant interconnect struc- 
tures. Having no tin-based materials present 
eliminates the formation of brittle inter- 
metallics, thus leading to an improvement in 
the thermomechanical reliability of the device. 
Finally, copper interconnects are capable of 
forming high aspect ratios because they are not 
‘melt-cast and therefore don't need to be spher- 
ical in shape. This will pave the way for fine- 
pitch interconnects with higher stand-off dis- 
tances and complex shapes, such as shielded 
coaxial structures, which can support high-fre- 
quency V/O. Copper-to-copper bonding via 
‘methods that are compatible with temperature- 
sensitive substrate materials has been reported 
using surface-activated bonding (3) and elec- 
troless deposition and annealing (4). The left 
panel of the Figure shows two (short) copper 
pillars joined by the all-copper electroless 
process. Such copper bonding facilitates con- 
nections for low-loss high-frequency opera- 
tion that is not possible with solder. 

Substrate and board-level signaling are 
particularly challenging because of the longer 
wires that require small y to maintain 
adequate voltages. Conventional board-level 
wires, etched copper traces on fiberglass and 
epoxy substrates, suffer from large losses due 
to substrate capacitance and conductance. 
Improved performance can be achieved with 
‘more expensive ceramic substrates that offer 
comparable capacitance loss while reducing 
dielectric conductance. Such ceramics offer 
mechanical benefits due to the lower coeffi- 
cient of thermal expansion. 

Substrate capacitance can be reduced 
through the use of polymer dielectrics, 
although this typically is associated with an 
increase in substrate conductance. Further 
reduction of the coupling capacitances and 
conductances can be achieved by incorporat- 
ing gaseous cavities in the material, via either 
porous matrix ora continuousair cavity sup- 


Ported by a dielectric (5). At higher frequen- 
cies, such nonhomogeneous dielectric layers. 
are undesirable, as propagation at different 
velocities through different media leads to dis- 
tortion of the electric field. Copper surface 
roughness can also degrade performance at 
high frequencies because of the longer path 
length along the surface, where charge 
‘concentrates at higher frequencies as a result 
of the skin effect. Surface undulations due 
to glass fibers in epoxy-fiberglass substrates 
pose challenges to both electrical and optical 
systems (6) 

System-level integration of air-insulated 
copper lines will remain difficult until a vari- 
ety of mechanical, thermal, and electrical 
considerations are addressed. Mechanical 
integrity of copper lines is important to 
maintain reliability and prevent failure due to 
stress and electromigration (7). Inclusion of 
air insulation thus poses a particular chal- 
lenge, as the lack of confining stress allows 
copper surface diffusion to proceed with 
greater ease (8). The right panel in the figure 
shows a microstrip copper signal line on a 
substrate with its return path separated by an. 
air-polymer gap. Moisture absorption into 
air cavities is particularly troublesome 
‘because it can increase the capacitance and 
conductance, which may result in short ci- 
cuits. Air-insulated circuits will require sur- 
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face treatments or hermetic sealing to cir- 
cumwent these challenges. Maximized elec- 
trical performance ultimately corresponds to 
minimized thermal performance, as air is 
also an ideal thermal insulator. This increase 
in thermal resistance may limit heat removal 
from the package and prevent further im- 
provements in system performance. 

Any advances in integrated circuit per- 
formance will need to be matched by perform- 
ance enhancements at the package level. Work 
is under way toward providing cost-effective 
high-speed chip-to-chip communication. 
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News About Nitrogen 


M. Claire Horner-Devine" and Adam C. Martiny? 


Discoveries of microbial pathways, players, and population dynamics challenge conventional 


‘models ofthe nitrogen cycle 


‘derstanding of microbial diversity 
| J and interactions is crucial for quanti- 
fying fluxes in nutrient cycles and 
forecasting ecosystem responses to global 
environmental changes. This is particularly 
true for the nitrogen cycle. In contrast to the 
carbon cycle, none of the steps inthe nitrogen 
cycle can be measured at a global scale on the 
basis of satelite data. Instead, global biogeo- 
chemical models rely on field measurements 
of nitrogen concentrations and fluxes, com- 
bined with rate constants from a few known 
organisms, to balance the net flux of nitrogen. 
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‘Thus, incomplete knowledge of microbial 
diversity and ecological dynamics may mis- 
lead estimates of fluxes in the nitrogen cycle. 

‘Three discoveries illustrate how much sci- 
entists are still learning about the nitrogen 
cycle. First, ammonia oxidation by microbes 
‘was thought to proceed only in the presence of 
oxygen. However, bacteria have been shown 
tobe capable of oxidizing ammonium anaero- 
bically, using nitrite rather than oxygen as the 
electron acceptor, resulting in the production 
‘of N, gas (7). Although this “anammox” reac- 
tion was theoretically predicted, finding 
‘anammox organisms has helped to explain 
deviations between models of the marine 
nitrogen cycle and observed ammonia con- 
centrations and N, production in anaerobic 
‘marine environments (2). 


wewsciencemag.org SCIENCE VOL320 9MAY 2008 


757 


| PERSPECTIVES 


758 


Second, archaea—previously 
thought to inhabit only extreme 
environments—have been shown, 
to constitute a substantial propor- 
tion of marine plankton worldwide 
(3, . Some archaca have the 
genetic capacity for ammonia oxi- 
dation, as evidenced by an archaeal 
version of the ammonia monooxy- 
genase (amo) gene (5, 6). Perhaps 
more important, the cultivation of 
‘an ammonia-oxidizing archaeon in 
the laboratory allowed researchers 
to establish a link between the 
presence of the amo gene and 
archaeal ammonia oxidation (7). 
Field studies show that archaea likely con- 
tribute substantially to nitrification in marine 
and terrestrial environments (8-11). 

‘Third, researchers have found several new 
lineages responsible for nitrogen fixation. 
Trichodesmium (see the figure, left panel) and 
symbionts of diatoms were long thought to be 
the major nitrogen fixers or diazotrophs in the 
open ocean; the discovery of this trait in uni- 
cellular cyanobacteria (see the figure, right 
panel) suggests that this is not the case. 
Researchers have found novel lineages of N, 
fixers in hot springs, including cyanobacteria 
and archaea (12, 13). These findings suggest 
that the ability to fix nitrogen is widely distrib- 
uted among bacteria and archaea. 

From a biogeochemical perspective, one 
‘might argue that allthis diversity may not mat- 
ter to our understanding of nutrient fluxes. 
Microbial ecologists will likely continue to 
discover new lineages capable of a given reac- 
tion, but incorporating all these groups into 
ecosystem models would be intractable. 
However, the discovery that such disparate 
groups are involved in ammonia oxidation, 
trogen fixation, and other steps in the nitro- 
gen cycle calls for a reevaluation of the 
assumptions made in biogeochemical models 
and field experiments (J4). Many rate con- 
stants used in models are based on only 2 few 
taxa, These rate constants may be very differ- 
ent from those of newly discovered taxa, and. 
somne of these new players may have very dif- 
ferent nutrient or energy requirements. 

For example, two dominant marine N, fix- 
ers—Trichodesmium and unicellular cyano- 
‘bacteria (see the figure)—may have vastly dif 
ferent phosphate uptake kineties due to differ- 
ences in cell size and physiology (/5). This 
could be important for predicting the response 
of diazotrophs to a shift from a nitrogen- to 
phosphorus-controlled ocean environment in 
the North Pacific Subtropical Gyre (J6). In 
addition, several assays used to measure nitro- 
gen transformation rates were based on 


New players. Irichodesmivm (left), which forms floating col 
diameter (colony example shown in the picture), is a key nitrogen fixer. Recent studies 
have shown that unicellular cyanobacteria, such as Crocosphaero (right), may be com: 

peting for this role. Scale, 10 wm. 


known taxa (for example, nitropyrene addi- 
tion to block nitrification), but these assump- 
tions may not hold up against new lineages. 

In addition to new pathways and players, 
understanding of the global nitrogen cycle 
hasrecently benefited from work ata smaller 
scale of organization: the interaction be- 
tween populations. Experiments in waste- 
water bioreactors revealed that the dynamics 
of two guilds involved in nitrification are 
tightly Tinked to nitrogen transformation 
rates. Guilds of ammonia-and nitrite-oxidiz- 
ing bacteria were prone to chaotic behavior, 
resulting in marked temporal variation in 
nitrification (77). Increasing variation in the 
abundance of ammonia-oxidizing bacteria 
was associated with large, destabilizing vari- 
ations in nitrite-oxidizing bacterial abun- 
dance, resulting in the extinction of Nitro- 
<spira and the breakdown of nitrification (18). 
Thus, complexity and dynamics at these 
‘small scales of organization can have impor- 
tant consequences for local nitrogen trans- 
formation rates. 

The above results suggest critical gaps in 
our knowledge of the relationship between 
microbial composition and nutrient fluxes. 
(Changes in community composition in a par- 
ticular microbial functional group can be 
associated with changes in nutrient cycling 
rates (/9-2/), implying that all microbes ina 
functional group are not functionally redun- 
dant. We must understand when, where, and at 
what scale of organization it is necessary to 
consider complex dynamics and shifts in 
composition in ecosystem models. Nitrogen, 
cycle monitoring and modeling may require 
more sophisticated representations of micro- 
bial communities, as was recently proposed 
for marine phytoplankton (22, 

Novel ways of understanding and incorpo- 
rating new pathways, players, and population 
dynamics may be particularly pertinent for 
forecasting mutrient dynamics in the face of 
human disturbances. Human activities in- 


creasingly dominate nitro- 
‘gen input in many regions 
of the world. Combined 
with climate change, these 
perturbations are globally 
altering nitrogen dynamics 
(23) and are likely changing, 
microbial community com- 
position and activity (24) 
Our ability to forecast eco- 
system responses to human 
disturbances would benefit 
from a coordinated effort 
of both observational and 
experimental studies and 
integration of this know- 
ledge into biogeochemical models. The scien- 
tific community must better understand how 
changes in community and population dy- 
namics are related to nitrogen transformation 
rates and how both the players and the pro- 
ccesses respond to disturbances. Only by under- 
standing nitrogen cycling at a range of scales 
of biological organization can scientists pre- 
dict how anthropogenic pressures will influ- 
ence local and global nitrogen dynamics, 


jes ~1 to.4 mm in 
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Toward an AIDS Vaccine 


Bruce D. Walker*** and Dennis R. Burton** 


A quarter century of scientific discovery has been applied to developing an AIDS vaccine, yet this 
goal remains elusive. Specific characteristics ofthe virus, including the extreme genetic variability in 
circulating viral isolates worldwide, biological properties of HIV that impede immune attack, and a 
hhigh mutation rate that allows for rapid escape from adaptive immune responses, render this @ 
hhuge challenge. However, evidence of protection against AIDS viruses in animal models and control 
of HIV in humans under certain circumstances, together with scientific advances in understanding 
disease pathogenesis, provide a strong rationale and objective paths to continue the pursuit of 

an effective AIDS vaccine to stem the global epidemic. 


nty-five years ago, a report in this 
journal of the discovery of a pathogenic 
duran retrovirus (J) led to great optimism 
that a solution to an emenging lethal epidemic 
was at hand, This discovery, along with subse- 
quent key confirmatory reports the following 
year (2-5), finnly established human imauno- 
eficiency virus (FIV) as the causative agent of 
AIDS and prompted then U.S. Health Secretary 
“Margaret Heckler to publicly proclaim at a news 
conference on April 23, 1984, that a preventive 
HIV vaccine could be expected to be available 
for testing within 2 years 
‘A quarter of a century later, HIV continues to 
‘wreak havoc on a global scale, with the most 
devastating consequences seen in the most im- 
‘poverished nations. Despite tremendous advances 
fn the development of life-extending anti-HIV 
medications and in understanding of how HIV 
causes disease, there have already been more than 
25 milion deaths. Nearly a billion dollars is spent 
slobally on HIV/AIDS research annually, and yet 
the sobering reality is that at present there are no 
promising candidates for an HIV vaccine. The most 
recently tested vaccine, a collaboration between 
Merck and the National Instintes of Health 
(NIE), is only the second candidate HIV vaccine 
10 complete efficacy testing in humans; despite 
considerable hope, the outcome may have been 
‘worse than simple fillure. Not only did the vaccine 
not protect against infection, nor contsin virus 
replication in those who became infected, appar- 
ently it increased suscepttility to infection in per- 
sons who had preexisting antibodies to the 
adenovirus vector used to deliver the HIV vaccine 
antigens (6). The faire of this vaccine has led 
some leaders in the field to question whether an 
AIDS vaccine is feasible given what is curently 
known (6). 
This review will address the quest for an HIV 
‘vaccine in the broader context of why collective 
efforts and steady progress by two generations of 
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committed scientists have filled to deliver on the 
carly promise of an effective AIDS vaccine and 
suggest paths forward to attain this elusive goal. 


Vaccines That Work and Why 
Since Edward Jenner's success with smallpox 
‘mrmunization in 1796, there have been dramatic 
{immunization related reductions in disease inci- 
dence for a number of viral diseases including 


cal 


which is the original Salk killed poliovirus vac- 
cine, used in the first widespread polio vaccina- 
tion campaigns in the mid-20th century. A third 
approach employs exposure of the immune sys- 
tem to recombinant viral proteins alone, asin the 
current highly successful hepatitis B vaccine, 

‘The goal of each of these vaccination stat- 
egies is to have an immmmologic barrier in place 
that will prevent infection or, failing that, mini- 
mize symptoms of disease caused by virus in- 
fection. Successful vaccines have typically been 
generated against pathogens for which the im- 
‘mune response thwarts serious disease in a sub- 
stantial fraction of those infected. Remarkably, 
kmowledge of how vaccine barriers funtion to 
protect against infection and/or disease remains 
limited. What is known is largely built upon 
observations from animal mode's but, although 
these are widely accepted as relevant to human 
vaccines, direct mechanistic evidence for how 
ny vaccine works in humans is sparse, 

The main gatekeeper in most vaccination 
strategies is thought to be neutralizing antibody 
Gig. 1). Preexisting serum or mucosal antibody 
Induced by an earlier infection or through vac~ 


Fig. 2. Adaptive immune responses in HIV infection. HIV infection of cells can be prevented by antibodies 
that can neutralize free virus before progeny viruses are produced, can neutralize newly released virions from 
infected cells, and can act against infected cells. Tisact once. cell becomes infected by recognizing processed 
viral proteins presented in the context of HLA lass | molecules at the cell surface through the T cell receptor of 
‘the CTL. Coordination of CTL and neutralizing antibody responses is mediated by CD4* T helper (Th) cells. 


pollo, measles, mumps, rubella, hepatitis B, and 
influenza. For each of these, protection has been 
achieved by mimicking infection with the patho- 
gen and thereby establishing immunologic mem- 
cory that can rapidly respond should an actual 
{infection occur. This has been pethaps best 
achieved with the use of live attenuated virus 
‘vaccines, such as the mumps and measles vac- 
ines, which infect the host but do not cause 
sisease and elicit strong and long-lasting immune 
responses, A second successfil approach involves 
the use of Killed vims vaccines, an example of 


ination can bind to fiee virus particles, prevent 
viral entry to host cells (‘neutralization’), and 
therefore prevent the establishment of infection, 
Even if some host cells are infected, antibody can 
bind to such cells, tigger their elimination via 
host effector systems, and perhaps contribute to 
aborting infection. Immunity generated in these 
types of scenarios is termed “sterilizing,” and neu- 
tralizing antibodies administered intravenously 
for mucosally can alone provide sterilizing im- 
‘munity against several viruses in experimental 
animal models. Realistically, for most human 
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vaccines, antibodies are unlikely to provide 
sterilizing immunity; rather, they limit the ini- 
tial burst of virus replication such that it can 
then be contained by ongoing immune responses 
without substantial disease symptoms—the 
most likely mechanism for most successful 
vaccines, 

‘The most important second line of defense is 
the cellular immune response, particularly cyto- 
toxic T lymphocytes (CTLs). immunization with 
the appropriate T cell—inducing vaccine generates 
‘a population of memory T cells that can rapid!y 
expand in the first days after infection. These 
expanding CTLs kill infected cells by recogniz- 
ing foreign viral proteins that bind to developing 
hhuman leukocyte antigen (HLA) class 1 mole- 
cules and are displayed at the cell surface, pro- 
viding a signal thatthe eell should be eliminated 
ig. 1), Lysis of a virus-infected cell before the 
assembly of mature progeny virions leads to 
climination of the vinus, which undergoes rapid 
degradation in the extracellular miliew in the 
absence of the protective outer envelope. CTLs 
also release antiviral cytokines, which may act to 
limit the impact of progeny virions already pro- 
duced (7). Many live attenuated vaccines elicit 
‘both neutralizing antibodies and CTL, the com- 
bination of which is likely to be necessary for 
ropid elimination of the virus or successful im- 
‘munologic containment preventing the develop- 
ment of disease. CTL can also be induced by 
Killed virus and recombinant protein vaccines 
through cross-priming when these vaccine an- 
tigens are taken up by professional antigen- 
presenting cells. Even inthe ease of vaccines that 
{induce neutralizing antibodies, CTL may also be 
{induced by the infection and contribute to pre- 
venting symptomatic disease. Optimal coord:- 
nation of both neutralizing antibody and CTL 
responses requires induction of virus-specific 
CD4 T cell responses (Fig. 1). 


Unique Challenges for HIV Vaccination 
‘The tremendous global success with other viral 
‘vaccines raises the question as to why HIV vac: 

cine development has been so difficult. Many of 
the difficulties lie in distinct properties of this 
vinus compared with other viruses (Table 1), Fore- 
‘most among these is HIV’s enormous sequence 
diversity, Because of an error-prone reverse tran- 
scriptase, a high propensity for recombination, 
and an extremely rapid tumover in vivo, HIV’s 


Table 1. Properties of HIV that hinder vaccine 
development. 


Sequence diversity 
Infection of critical immune cells 
Immune avoidance 
Masking of neutralization epitopes 
MHC down-regulation 
Immune escape through viral mutation 
Counter-immunoregulatory mechanisms 
Latency 
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Fig. 2. Representations of HIV diversity under differing circumstances. A comparison of the evolutionary 
distances of DNA encoding HIV-1 partial envelope gene sequences (C2-V5) through phylogenetic analysis 
is shown in a “tee” representation. (A) Tree based on nine sequences taken from an asymptomatic 
individual 73 months after seroconversion of a subtype B infection. This tree is the result of a typical 
‘example of sampling of intrapatient diversity at one time point. (B) Tree based on HIV-1 drculating 
recombinant form CRFO3_AB sequences derived from samples taken from 26 Kaliningrad individuals. The 
Kaliningrad epidemic represents 2 unique situation in which a recombinant form of the virus spread 
explosively through a population of intravenous drug users and al viruses were extremely closely related 
to their most recent common ancestor. These samples were collected in 1997 to 1998, less than a year 
after the strain had been introduced to the population. Drawn at this scale, the tree appears as a dot 
because ofthe lack of diversity. (C) Tree based on sequences representing a subtype B epidemic, sampled 
from 23 individuals residing in Amsterdam in 1990 to 1991. (D) Tree based on HIV-1 V2-CS sequences 
sampled in 1997 from 193 individuals residing in the Democratic Republic of the Congo. This is a 
remarkably diverse set. The HIV-1 subtypes are labeled, and the full spectrum of diversity found in the 
HIV-1 M group is represented by the epidemic occurring in this region. All panels show maximum 
likelihood trees generated using a REV model and allowing for rate variation at different sites (23). The 


‘genetic distance scale bar is shown. [From (8, 52)]. 


‘capacity for mutation and adaptation is enomnous 
(®). There are three different groups of HIV 
globally (M, N, and ©), and group M is further 
subdivided into nine distinct subtypes and m- 
merous additional circulating recombinant forms. 
‘Viruses even within the same HIV-1 subtype may 
differ by up to 20%, and in places such as Africa 
‘where there are multiple subtypes, circulating vi- 
ruses can differ within the highly variable enve- 
lope protein by up to 38% (Fig. 2) Indeed, the 
amount of HIV diversity within a single infected 
individual can exceed the variability generated 
over the course of a global influenza epidemic, 
the later of which results in the need for a new 
‘vaccine each year. With more than 33 million 
people curently infected with HIV, and the need 
for a vaccine that simultaneously protects against 
all potential exposures, HIV sequence diversity 
alone represents a staggering challenge. 

‘A futher hundle to AIDS vaccine develop- 
‘ment is that HIV is an infection of the immune 
‘system, specifically targeting CD4" T lympho- 


cytes. Within days of exposure, massive infection 
and loss of memory CD4" T cells ensues, par 

ticularly within the gut-associated lymphoid tis. 

sue (9, 10) where most of these cells reside, The 
Joss of these cells, which are critica for coord- 
nating effective immune responses, results in con 

Siderable immune impairment within the first 
weeks of HIV infection, Furthermore, bacterial 
translocation across a damaged intestinal mucosa 
may even help to drive ongoing CD4* T cell 
activation and facilitate viral replication, which is 
‘most efficient in activated cells (11). 

‘Yet another challenge is that HIV has evolved 
strategies to avoid immune elimination, Partcu- 
larly notable examples include the accessory pro- 
{cin Nef, which down-reguiates molecules of the 
‘major histocompatibtity complex (MHC) that 
sre crucial for T cell recognition of infected cells 
(22, 13), and surface envelope proteins, which 
{incorporate multiple features to avoid antibody 
recognition (14). HIV also rapidly establishes a 
{tent reservoir of infected lymphocytes by inte- 
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gration of its genetic materia! into the hast chro- 
‘mosome, This represemts one of the greatest chal- 
lenges because this is an imeversible process 
that occurs immediately after infection and ends 
only with the death of the infected cel! (15). The 
vinis is immunologically silent in this latent 
reservoir, but production of infectious vias 
particles may be subsequent!y ini 

tiated if cells become activated at 
a later time. The stability of this 
reservoir means that lifelong in- 
fection of the host is maintained, 
even in the face of potent anti-HIV 
medication. 

All of these features of the virus 
‘mean that an optimal HIV vaccine 
‘will need to recognize a huge array 
of diverse viruses, and with suff- 
cient speed to prevent the establish- 
ment of a latent reservoir. Failing 
this, it will need to augment natural 
{immune responses so as to prevent 
the eatly wholesale destruction of 
‘the CD4 cell population and immu 
nologically suppress virus for the 
lifetime of the individual, without 
allowing for immune escape. Such 
enormous challenges are made even. 
‘more important by the lack of un- 
derstanding ofthe immune responses 
that can contro! HIV replication. 


‘The Neutralizing Antibody Problem 
‘A Inige gap in HIV vaccine development is the 
failure to generate an immunogen to elicit effec 
‘tive neutralizing antibodies. Only one antibody- 
‘based AIDS vaccine has been taken through 
efficacy trials thus far, using the gp120 subunit 
protein as an immunogen, and this vaccine can 
didate did not elicit antibodies neutralizing field 
{isolates of HIV, did not prevent infection, and did 
not affect subsequent viral load (16). 

Why has there been so much difficulty in 
generating an immunogen able to elicit neutraliz- 
ing antibodies to HIV? To be effective, antibodies 
‘must bind to structures on the surface ofthe vias 
known as spikes, composed of the gp4l trans- 
‘membrane protein and the heavily glycosylated 
2p120 surface protein, which exhibit enormous se- 
uence variation among different viruses (Fig. 3). 
An effective vaccine must therefore induce anti- 
‘bodies able to bind and neutralize not just one or 
a few viral species, as might be the case with 
poliovirus, for example, but the millions of dif- 
ferent vinises representative of the giobal pan- 
demic (8), To date, no immunogens have been 
developed that elicit such broad!y neutralizing 
antibodies (bNAbs). In fact, natural infection, in 
‘most cases, does not do much better: Antibodies 
generated in natura! infection clearly exert se- 
lection pressure, yet are typically unable to cross- 
‘neutralize variants that rapidly arise in vivo 
(17, 18). On the other hand, a few human mono- 
clonal antibodies (mAbs) that neutralize a broad 
spectrum of circulating HIV isolates in vitro have 


been derived fiom infected persons. When these 
mAbs are passively administered, either sys- 
temically or topically, to monkeys that are sub- 
sequently challenged with a hybrid AIDS virus 
that bears HIV spikes and is infectious for 
monkeys [i.¢., simian-human immunodeficien- 
cy vinis (SHIV)], complete protection against 


Cell membrane 


Fig. 3. Schematic of the HIV-1 envelope spike interacting with its celular 
receptors on a target cell. Gp120 of the spike interacts with CD4 (shown in 
4green) on T cells leading to conformational changes that allow interaction with 
the chemokine receptor CCRS. Further conformational changes are triggered in 
‘the spike leading to fusion of viral and target cell membranes and transmission 
of viral genetic material into the target cell. Neutralizing antibodies interrupt 
the vial entry process by binding to the envelope spike before CD4 binding or 
after CD4 binding but before fusion. [Modified from (53)]. 


‘mucosal challenge can be achieved, although 
the amounts of antibody required are generally 
high (9), 

Broadly neutralizing antibodies appear to 
be very difficult to induce through immuniza- 
tion because of the molecular nature of the 
HIV surface spike. This is a compact structure 
heavily camouflaged by sugars in which con- 
served surfaces, like the CD4 binding site that 
{interacts with the viral envelope and is a target 
of DNAbs, are either buried and very difficult 
for antibodies to access or only form through 
conformational changes after gp120 binding, 
In addition, the viral spike is an unstable struc- 
ture that is dificult to generate in recombinant 
form. Indeed, many of the antibodies gener- 
‘ated in natural infection target virion debris 
that forms after disintegration of the mature 
envelope trimer (20, 21). The ability to gen- 
erate DNAbs with vaccines has been so poor 
thus far that most vaccinologists agree that an 
HIV vaccine able to induce sterilizing immu- 
nity will not be possible without some funda- 
‘mental new breakthroughs. Currently, there are 
‘no neutralizing antibody vaccine candidates in 
advanced clinical trials. 


T Cell Immunity and an HIV Vaccine 
‘The second major gap in HIV vaccine de- 
velopment is a failure to identify the nature of 
T cell responses that could best contribute to 
‘vaccine protection against HIV. Should the anti- 
‘body gatekeepers fail to completely prevent in- 
fection, as seems likely, then an effective T cell 


response will probably be required to contro! 
Infection. Because the set-point leve! of viremia 
afier infection predicts both disease progres- 
sion and the likelthood of subsequent trans- 
mission, a vaccine that did not protect against 
infection could still be effective if it induced 
sufficient immune responses to dramatically 
lower the steady-state viral load 
should a vaccine become infected 
Fig. 4). Indeed, ata set point plas- 
‘ma viral load of 1000 to 2000 RNA. 
copics'iml (ower by a factor of 
about 30 than the median viral set 
point afier infection), the chances of 
disease progression and of trans- 
mission are markedly diminished 
[reviewed in (22). In the absence 
of vaccines that induce a neutral- 
izing antibody response, its under- 
standable that the field has focused 
on exploring vaccines to induce T 
cell responses alone (“T cell-only 
vaccine”). 

The rationale for a T cell- 
based AIDS vaccine stems from 
data in monkey models and in 
hhumans indicating that CTLs play 
arole in control of HIV. Although 
these cells do not prevent infec- 
tion because they only target vi- 
nus after a cell becomes infected, 
their effects om infection are considerable, For 
example, depletion of CTLs in monkeys with 
acute or chronic simian immunodeficiency virus 
(SIV) infection has been shown to lead to a 
‘marked increase in viral load (23). In infected 
Ihumans, there are strong linkages between cer- 
tain HLA class I alleles and viral control, whereas 
other class I alleles are associated with more rap 
fd disease progression (24, 25), Because CTLs 
recognize infected cells by interaction with vi- 
ral peptides bound to surface HLA class I mol- 
ecules, the association between HLA alleles 
and disease outcome has provided strong evi- 
dence that CTL responses contribute substan- 
tially to immune control during infection. CTL. 
responses exert sufficient pressure on the virus 
to lead to the emergence of “escape” vinuses that 
‘have mutations occurring within or adjacent to 
the peptide sequences recognized (26-28). Fur- 
ther evidence for the importance of the anti-HIV 
activity of CTLs comes from studies that indi- 
cate that CTLs from infected persons can effec- 
tively contain HIV replication in vitro (7, 29, 30), 
(Crucial for the evolution of the HIV vaccine field 
were studies that showed strong protection by 
TT cell-based vaccines in a particular monkey 
model (SHIV 89.6): Whereas control animals 
rapidly developed disease on virus challenge, 
vaccinated animals that had a vaocine-induoed 
CTL response, as measured by assay's quantify- 
ing surrogate markers of CTL fiction such as 
imterferon-y (IFN-y) Elispot, became infected 
‘but had a relatively low set-point level of vi- 
remia, with most not progressing to disease 
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(BL, 32), Together these findings provided a 
rationale for exploring a T cell-only vaccine 


The STEP Trial and the Future 
of AIDS Vaccines 

Based on the monkey mode! results, the 
STEP trial (6), the first test of efficacy of a 
T cell-only vaccine, was initiated in 2004 using 
recombinant adenoviruses to express HIV 
Gag, Pol, and Nef proteins. Why the vaccine 
failed to provide evidence of protection has 
been widely debated. The simplest explanation 
is that the vaccine-induced CTL responses 
were of insufficient magnitude and/or breadth 
to substantially impact HIV replication in 
hhumans. It is worth noting that the hybrid SIV- 
HIV virus used for challenge, as well as the 
selection for particular MHC alleles in the 
‘monkey model used to support the STEP trial, 
‘was considered by some not to be representa 
tive of human infection (33, 34). Indeed, an 
altemative mode! that had been thought more 
representative, using animals of differing MHC 
types and challenge with a pathogenic SIV 
strain, failed to show protection even for ho- 
mologous challenge, ic., when the vaccine and 
challenge strain are identical (35). 
In humans, of course, challenge is 
heterologous. 

It should also be noted that the 
strength of vaccine induced CTL re- 
sponses, as estimated in surrogate 
assays such as the IFN-y Elispot 
used in the STEP tral, may not pro- 
vide a robust indication of fune- 
tional antiviral activity as compared 
with more direct measurement of 
antiviral activity: the cytotoxic kil- 
ing of cells by CTL. Not only does 
the IFN-y Elispot assay fail to di- 
rectly assess CTL function, but it 
uses peptide-pulsed cells, meaning. 
that the multiple steps in antigen 
processing and presentation nor- 
‘ally required to sensitize infected 
cells in vivo, or the effects of viral 
proteins on these processes, are 
not taken into account, Numerous 
population-based studies have shown, 
that IFN-y Elispot responses in infected hu- 
‘mans have no correlation with contro! of viremia 
(36, 37), raising questions about its suitability 
as a sole correlate for moving T cell-based 
‘vaccines forward, Furthermore, monkeys pro- 
tected against a robust SIV challenge with live 
attenuated SIV vaccines have only modest CTL 
responses when assayed by IFN-y Elispot as- 
says, underscoring the lack of understanding 
of immune responses required for an effective 
vaccine (38) 

(Overall it appears that there is still much to be 
learned about what constitutes fimetional CTL 
responses and how to elicit such responses. Other 
immunologic parameters that are more burden 
some to assess may be critical for immune con- 
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tro! and may not have been assessed in the STEP 
‘tial. In phase I studies preceding the STEP trial, 
the breadth of the CTL responses induced by the 
‘vaccine was quite narrow, with a median of one 
Gag peptide epitope targeted per vaccinee and a 
‘median of three responses per person when re- 
‘sponses to ail three expressed vaccine proteins 
‘were examined, far less than the median of 14 
observed in the context of natural infection, 
‘which fail to prevent disease progression (37). 
Moreover, the specificity of responses may 
‘matter: The breadth of the Gag-specific response, 
but not other responses, is associated with 
lowering of viral load in chronic infection (39). 
‘Studies in infected humans suggest that avidity 
(he amount of viral peptide required at the cell 
surface to sensitize cells for lysis) may be key, 
with lower avidity responses lacking potent 
antiviral fimetion and being less effective at 
killing infected cells (29). A function of CTLs 
that has been associated with in vivo containment 
of virus replication is the ability of these cells to 
proliferate when they encounter cognate antigen 
(4D), Also important may be the breadth and 
‘magnitude of responses at the mucosal level, 
‘which may also have been suboptimal in the 


Fig. 4. Potential effect of vaccination on HIV load. After T cell 
vaccination, peak viral load as well as the set-point level of 
viremia would hopefully be reduced. The chances of transmis- 
sion would be expected to be reduced (albeit still possible) at 2 
Viral load of 1000 to 2000 copies. Likewise, at very low viral 
loads, the rate of progression in the vaccinee who becomes 
infected would ideally be markedly diminished. 


‘STEP tral, Given the many limitations described 
above, the STEP trial does not provide a 
definitive answer reganting the potential utility 
of the Tcell-only vaccine concept. Perhaps most 
crucially, the STEP trial provides litle insight 
reganding the potential success of a vaccine that 
{induces both BNAbs and functional CTLs. 
Recommendations for Immediate Attention 
‘The unique challenges posed by HIV, the lack of 
clear understanding of what constiutes an ef- 
fective immune response, the inadequacy of cur- 
rent assays to evaluate these responses, and the 
HIV vaccine failures of the past emphasize that 
the route forward to developing an effective vac- 
cine is by no means straightforward. Some would 
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argue it is probable that a vaccine will not be 
available for use for many years to come. 
Nevertheless, there is room for optimism. First, 
for example, long-term vaccine-mediated protec- 
tion from AIDS virus infection has been achieved 
in animal models, albeit with live attenuated 
AIDS vinus vaccines considered too dangerous to 
pursue in humans (4/, 42) but demonstrating 
nonetheless that durable contro! is attainable. 
Second, there are some infected individuals 
who do generate broadly cross-reactive neutral- 
izing antibodies, and these antibodies have been 
shown to be able to provide sterilizing immunity 
‘when infused in animal models of mucosal AIDS 
vinis challenge (19). Finally, there is a subset of 
{infected persons, who have been termed “elite 
controllers,” who maintain virus load below the 
Limits of detection by the most sensitive com- 
‘mercial assays available, some now for more than 
years (22). How this is achieved in these 
individuals i stil being investigated but is likely 
associated with immune control of vinus, There 
are thus reasons to be hopefil. 

Several critical issues can be identified to ac- 
celerate the development of an effective vaccine: 

Solve the neutralizing antibody problem. This 
problem has not yielded to the more conventional 
approaches, meaning that a more rational ap- 
proach based on molecular understanding of the 
HIV envelope spike structure and its interaction 
with DNAbs might be the way forwani. Key 
components of this strategy are () determination 
of the specificities responsible for broad neutral- 
ization in a wide selection of different individu- 
als, (i) isolation and characterization of pane's of 
monoclonal bNAbs, (ii) determination of the 
structure of intact functional HIV spikes alone 
and in complex with bNAbs, and (iv) rational 
design and high throughput evaluation of immu- 
nogens until a usefil set, able to induce serum 
antibodies capable of neutralizing a majority of 
circulating viruses, is derived. Such an approach 
will entail an understanding of the relationship 
between antigenicity and immunogenicity at a 
level far deeper than curently exists. There are 
many variants of this approach, and altemate 
strategies should also be explored in paralie! 

Define the correlates of T cell-mediated 
control of HIV. Aithough the first efficacy trial 
of a T cell-based vaccine failed, despite the in- 
duction of HIV-specific CTLs, this does not mean 
thatthe entire concept is flawed. Rather, it may be 
that the T cells induced were suboptimal in their 
antiviral effect. A critical next step is to develop 
methods to assess the antiviral efficacy of CTL, 
akin to the antibody neutralization assay, rather 
than reiying on IFN-y Etispot assays (30). Not al 
(CTL responses are created equally in terns of the 
ability to inhibit virus replication (29, 43, 44), 
and itis critical to define the antigens that elicit 
the most potent responses. Efforts also need to be 
expanded to define the role of vinus-specifie CD4 
T helper cell responses in durable HIV contain- 
‘ment. Further, given concems fram the recent 
Merck/NIH vaceine trial, it must be determined 
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to which extent such responses induced by 
vaccine, either directed at HIV or at a vaccine 
‘vector, may add fuel to the fire by causing CD4T 
cell activation. 

Determine mechanisms of HIV control in 
cases where these occu: Apparent durable con- 
trol of HIV occurs in about one in 300 persons 
infected with HIV, and control of SIV occurs 
in macaques vaccinated with attenuated virus 
or treated with antiretroviral drugs shortly af- 
ter infection. Despite some evidence for the 
involvement of CTL responses, there is strik- 
ingly litle that is definitively known about 
mechanisms of control in these cases. Unra- 
veling the mechanisms involved in these cases 
should be a high priority because this may fa- 
cilitate the design of imnmunogens able to elicit 
the comesponding protective responses. 

Define the role of innate immunity in viral 
containment. The innate immune response also 
serves as an important first line of defense 
against viruses, but litte is known about its 
contribution to vaccine success. Accelerated ef- 
forts to define the contribution of the innate im- 
‘mune response to HIV contro! and to determine 
how innate immune mechanisms can be ex- 
ploited for adjuvant development and to induce 
immunologic memory with a vaccine must be 
clear priority, 

‘Make best use of animal, particularly monkey, 
‘models. There is sill no consensus about the most 
appropriate animal mode! for HIV vaccine eval- 
uation. Although the SIV mac239%macaque mode! 
comectly predicted the failure of the STEP trial 
(45), it would need to predict a success to be a 
fully validated model, Nevertheless, a strong ar- 
‘gument can be made that this isthe best available 
‘mode! at this time, and a reasonable current re- 
quirement for any immunogen seeking to be 
advanced info human trials is that it be able to 
suppress viral load by a minimum of about 1 to 2 
logs (peak and set point) compared with contro! 
animals in this model (46). At the same time, 
vigorous exploration of immunization and pro- 
tection should proceed in macaques and other 
animal models to further understanding of po- 
tential vaccine candidates. 

Define the mechanisms of action of successful 
Juonan vaccines. Remarkably, there is litle con- 
sensus as to the precise mechanisms that create a 
vvaceine-induced barrier to infection andlor dis- 
ease for any of the curent successful human 
vaccines. Antibody induction has been used as a 
surrogate for immunogenicity, and neutralizing 
antibodies are presumed to be involved, but the 
relative contributions of neutralization versus other 
effector arms remain undefined. Substantial ad- 
ditional work needs to be done on the science of 
{immunization and in exploring the roles of mo!- 
ecules such as inter‘eukin-10 (IL-10) and other 
immunoregulatory mechanisms in controlling the 
‘magnitude of immune responses (47, 48). 

Explore alternative approaches to “vacci- 
nation.” Traditional vaccine approaches have 
failed thus far, and although rational design 


toward a traditional vaccine must be pursued, 
nove! approaches should also be encouraged. 
‘The possibility of nonclassical routes to antibody- 
mediated protection, such as inducing antibodies 
‘to the chemokine coreceptor or providing bNAbs 
passively via a viral vector or stem cell trans- 
formation, should also be considered, as should 
efforts to reverse the integration process (49). 

Test candidate vaccine efficacy in humans only 
when welldefined criteria are met, and test in 
smaller cohorts. Itis critical forthe feld to estab- 
lish fim go‘no-go criteria to advance products into 
‘human efficacy testing. Only vaccines that are 
clearly superior in immunogenicity and in animal 
‘protection studies to previous fled vaccines should 
be advanced into efficacy trials. Moreover, vac- 
cine candidates should be tested in small screen- 
ing test of concept (STOC) trials (50) that are by 
‘necessity performed in areas of high HIV incidence, 
requiting a global commitment to this strategy. 
‘and ew blood. Given the lack of success thus far, 
‘one of the most important issues to address is the 
need for innovation. The current constraints on 
[NIH finding have a negative impact on innova- 
tive research, as study sections tend to take fewer 
informed risks when funding is tight, despite 
potential greater rewards. This is particularly a 
problem for more junior investigators attempting 
to obtain their first funding. Given the expected 
Jong route to an AIDS vaccine, its critical not to 
lose this next generation of committed scientists. 
Funding agencies have the critical task of con- 
timing to support basic innovative scientific 
discovery and to guard against investing in pre- 
mature product development. Moreover, restr 
tions imposed by foundations funding AIDS 
‘vaccine research can have an unintended impact 
of thwarting innovation, to the extent that fund- 
ing is highly project and milestone driven, which 
‘may inhibit rapid changes in direction needed to 
adapt to an ever-changing body of knowledge. 
‘We believe great success would resuit from a 
‘mode! in which the investment is made in people 
rather than projects, particularly including scien- 
tists from diverse fields not curently engaged in 
HIV vaccine research, allowing them to focus 
‘totally on the task at hand. Given the magnitude 
of the global crisis, an approach fee from tra- 
ditional academic and private sector constraints 
‘seems highly warranted. 


‘Conclusions 
With few exceptions, even the most critical and 
skeptical of scientists, who have stressed the dif- 
ficulties of developing an HIV vaccine, feel that 
this is no time to give up (51). However, far more 
selectivity than hereto in advancing immunogens 
to large-scale clinical trials is required. The man- 
tra of “the only way we will know ifitis likely 
to be effective isto try itn humans” is not appro- 
priate given the current state of knowledge. Trust 
in science, making full use of the too! kit that is 
provided by modem molecular biology, immu- 
nology, virology, structural biology, chemistry, and 


‘genomics is crucial. There is a critical need to un- 
derstand how other vaccines work with aleve! of 
detail that has never been necessary for pathogens 
Jess adapted to immune evasion. The way forward 
is without question very difficult and the possibl- 
ity of failure high, but the global need is absolutely 
desperate, and this is an endeavor that must be 
pursued, now with greater passion than ever. 
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Climate-Driven Ecosystem Succession 
in the Sahara: The Past 6000 Years 


S. Krépelin,** D. Verschuren,? A.-M. Lézine,” H. Eggermont,? C. Cocquyt,* 


P. Francus," J. 


. Cazet,? M. Fagot,” B. Rumes,? J. M. Russell,’ F. Darius,* D. J. Conley,” 


M. Schuster, H. von Suchodoletz,®** D. R. Engstrom™? 


Desiccation of the Sahara since the middle Holocene has eradicated all but a few natural 
archives recording its transition from a “green Sahara” to the present hyperarid desert. Our 
continuous 6000-year paleoenvironmental reconstruction from northern Chad shows progressive 
drying of the regional terrestrial ecosystem in response to weakening insolation forcing of the 
African monsoon and abrupt hydrological change in the local aquatic ecosystem controlled 


by site-specific thresholds. Strong reduction: 


tropical trees and then Sahelian grassland 


cover allowed large-scale dust mobilization from 4300 calendar years before the present 
(cal yr B.P.). Today's desert ecosystem and regional wind regime were established 

around 2700 cal yr B.P. This gradual rather than abrupt termination of the African Humid 
Period in the eastern Sahara suggests a relatively weak biogeophysical feedback on climate. 


ne of the most prominent environmental 

Jchanges of the past 10,000 years is the 

‘transition of northem Afiica ffom a “green 
Sahara” (1) during the early Holocene “African 
Humid Period” (2) to the world’s largest warm 
desert today. Detailed knowledge of the tempo 
and mode of this transition is crucial for under- 
standing the interaction between tropical and 
‘mid-latitude weather systems (3-6) and the mul- 
tiple impacts of mineral aerosols exported from 
the Sahara on global climate (7-10) and distant 
ecosystems (11-13). The distinct lack of high- 
quality paleoenvironmental records covering the 
past four to five millennia from within the Sahara 
desert (14) (SOM text 1) has directed substantial 
effort to the modeling of African monsoon dy. 
namics in response to orbital insolation changes 
(a, 15, 16), and of the influence of surface 
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temperature changes inthe adjacent tropical oocan 
(eg, 4 and biogeophysical feedbacks between 
climate and vegetation (J, 17-20). Modeling re- 
sults suggest that a strong positive biogeophys- 
ical feedback between rainfall and vegetation 
(18) appear to be supported by the record of te- 
Figenous (and-eroded) dust deposited in deep- 
sea sediments downwind from the Sahara, which 
‘shows a sudden increase at $500 calendar years 
before the present (cal yr BP) (2, 2/). As a re- 
sult, the Holocene drying of the Sahara (Le, ter 
mination of the “A fiican Humid Period”) is widely 
believed to have been an abrupt event, com- 
pleted within a few hundred years (¢g., 22, 23), 
In tur, this abrupt event of possible continen- 
tal scale is regarded as a prime example of cat- 
astrophic regime shifts in natural ecosystems 
(2., 24, 25), 

In this context, we present a continuous and 
accurately dated paleo-environmental record 
covering the past 6000 years from within the 
Sahara, using multiple proxies and indicators 
preserved in a finely laminated lake-sediment 
sequence from northem Chad. High-resolution 
sedimentological and geochemical data coupled 
with biological indicators (pollen, spores, and 
‘the remains of aquatic biota) permit a precise re- 
construction of terrestrial and aquatic ecosystem 
response to climate-driven moisture-balance 
changes in the now hyperarid core of the east- 
‘central Sehara desert 

‘Study site and material. Lake Yoa is one of 
a handful of permanent lakes occupying 
Pleistocene deflation basins in O 


Ennedi mountains (Fig. 1). The subtropical 
desert climate of this area is characterized by 
high daytime temperatures, negligible rainfall, 
and dry northeasterly trade winds blowing 
almost year-round through the Tibesti-Ennedi 
cortidr (Fig. 1C) (SOM text 2). The Ounianga 


Jakes are maintained against this extremely 
negative water balance by groundwater inflow 
from the Nubian Sandstone Aquifer, which was 
last recharged during the early Holocene (26). 
This stable groundwater input ensured perma- 
rence of the aquatic ecosystem throughout the 
dry lateHolocene period but dampened its 
hydrological sensitivity to climate. Sediments 
{in Lake Yoa are finely laminated throughout the 
sampled upper 7.47 m of the sequence (27) 
Sections with annual lamination (varves) (Fig. 
2D) show an average sedimentation rate of 13 
‘mm per year, in support of the age-depth mode! 
constructed from 12 accelerator mass spectrom- 
etry radiocarbon dates and the 1964 caesium 
marker of nuclear bomb testing (27) table $1). 

‘The Lake Yoa recon! documents dramatic 
changes through time in three important. com- 
ponents of the Saharan paleoenvironment. Fist, 
it traces the evolution of the local aquatic eco 
system from a dilute freshwater habitat to the 
present-day hypersaline oasis, Second, it reveals 
the establishment of today’s temestrial desert eco- 
system as the result of contimious vegetation 
succession between 5600 and 2700 cal yr BLP. 
Third, it shows the changing regional wind re- 
gime, culminating in establishment of today’s 
almost year-round northeasterly winds around 
2700 cal yr BP. 

Evolution of the aquatic ecosystem. The 
‘most prominent feature in the recorded history 
of Lake Yoa is its relatively rapid transition, 
between 4200 and 3900 cal yr BP, from a 
seemingly stable freshwater habitat (surface- 
water conductivity of 300 to 500 xS/em) 10 a 
true salt lake 10,000 j'S/cm) in which only 
specialized fauna and flora can survive (Fig, 
2A and figs. S2 to S4) (27). In reality, the 
ecology of Lake Yoa evolved continuously 
during the past 6000 years, in response to 
changes in water chemistry, nutrient dynamics, 
and substrate availability driven by changing 
Jake hydrology and water balance (SOM text 3 
and 4). In brief, organic matter deposition (Fig, 
20) (SOM text 5) and the stratigraphy of 
phytoplankton species (figs. $2 and $3) indicate 
that Lake Yoa switched from a less to a more 
productive aquatic ecosystem ~5600 cal yr BP. 
Lake productivity remained high after the fresh- 
to-saline transition until ~3300 cal yr B.P,, when 
conductivity rose above 20,000 uSicm (Fig. 
2A), and also the most salttolerant freshwater 
biota disappeared (fig. S4). From that moment 
con, both primary productivity (percentage 
organic matter) (Fig. 2C) and secondary 
productivity (represented by fossil chironomid 
abundance) (fig. S4) gradually declined, until by 
2700 cal yr BP. they stabilized at ~S0 to 70% 
Jower values, This transition coincided with a 
virally complete collapse of the Lake Yoa 
diatom flora [biogenic SiO> (Fig. 2B); diatom 
cell counts (fig. $3)]. This fairly unproductive, 
hypersaline aquatic ecosystem then acquired its 
modem-day biology with establishment of the 
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saltloving hemiptera Anisps as the dominant 
‘macroapopiankton species ~2700 cal yr BP. and 
appearance of brine flies (Eplnudra) ~1S00 cal yr 
BP. (fig. S2). 

Evolution of the terrestrial ecosystem. 
Palynological and lithological indicators de- 
scribe a more progressive evolution of the 
terrestrial ecosystem surrounding Lake Yoa. 
‘Throughout the last 6000 years, the regional 
vegetation was dominated by grasses (Poaceae), 
in association with scattered Acacia trees (Fig. 
2G). Before 4300 cal yr BP. the regional land- 
scape was an open grass savannah complemented 
‘with modest but indicative populations of tropical 
(Sudanian) trees (eg, Piliostigma, Lannea, and 
Fluggea virosa), which today commonly occur 
in wooded grasslands and dry forests at least 
300 im to the south. Their co-occurrence with 
ferns (Fig. 2G) suggests that these trees formed 
streambank communities in temporary Hooded 
river valleys (Wwadis). The savannah also in- 
cluded tropical herb species (e.g, Mitracarpus 
and Spermacoce). This mid-Holocene pollen 
assemblage was completed by the mountain 


shmb Erica arborea, now restricted to a few 
‘small areas above 2900 m alin in the Tibesti 
Substantial input of Erica pollen throughout 
the period with abundant humid plant indica- 
tors may suggest that a river from the Tibesti 
flowed at least seasonally into Lake You until 
~4300 cal yr BP. Drying of this exotic river 
may have partly accounted for the negative 
‘water balance that terminated the lake's fresh- 
water ecosystem shortly thereafter. The firs 
evidence of ecosystem drying in the Ounianga 
region, however, is already observed at 5600 cal 
ye BP, with increasing deacia and the expan- 
‘Sion of plants typiffing semideser environ- 
‘ments (eg, Boerhavia and Tribulus). The demise 
‘of topical tees, accelerating afer 4800 cal yr BP, 
‘was italy compensated by expansion of Sahe!- 
type tees and shrubs (¢g., Commiphora and 
Balanites), of which the northem limit today 
does not extend beyond the Emnedi (Fig. 1C) 
‘This Sahelian vegetation component, although 
substantive, was relatively short-lived, because 
bby ~4300 cal yr BP. Commiphora dwwindied to a 
sporadic occumence. 


Fig. 1. Location of Lake Yoa [19.03° N, 20.31° E, 380 m above sea level (as0) at continental and 
regional scales. (A) Map of Africa north of the equator highlighting land >1000 m asl, the natural 
distribution of vegetation zones (29), and synoptic climatology. Arrows: moist tropical Atlantic 
‘monsoon circulation (blue) and dry northeasterly trades (light yellow) in relation to the position of 
the Intertropical Convergence Zone (ITCZ) during Northern Hemisphere summer and winter 
[adapted from (9). Vegetation zones, from north to south: Mediterranean evergreen forest (pink), 
Mediterranean scrubland (light yellow), desert (ochre, with relief, Sahelian wooded grassland 
(yellow), Sudanian wooded grassland (green), tropical dry forest (blue-green), and tropical 
rainforest (dark blue); mountain ranges are shown in dark brown. (B) Quickbird satelite image of 
Lake Yoa (4.3 km?, 26 m deep), bounded to the south and west by sandstone cliffs and to the north 
and east by dunes of quartz sand. These accumulate in low-wind zones beneath the dissected rim of 
‘the Ounianga escarpment, and their progressive migration into the lake has now reached its 
modern depositional center. Typha (cattail stands develop near groundwater inflow along the 
northern and easter lakeshore. Also shown are the locations of sediment cores collected in 2003 
and 2004, which together form the studied sediment sequence (27). (C) Landsat 7 Geocover mosaic 
satellite image of the Ounianga region showing the main geomorphological features and the 
northern limit of Sahelian grassland (dotted line) (28). 


General detesioration of the temestrial eoosys- 
tem of northem Chad ~4800 to 4300 cal yr BP. 
fs also reflected in a dramatic fall in grass pollen 
influx, which we interpret to indicate that grass 
cover became sparse or discontinuous at the 
landscape scale (despite grass sill contibuting 
~50 to 55% to the pollen sum) (Fig. 2G). This 
observation is confined by the rise in mag- 
netic susceptibility above background values 
of 2 to 10 «10° SI units from 4300 cal yr BP, 
reflecting increased input of wind-blown dust 
(Fig. 2E) (27 and SOM text 6), The gradual rise 
of fine sand (75 to 150 jim) in the upper half 
of the sequence, above background values of 
1 to 5% (Fig. 2F), indicates that from 3700 cal 
yt BP. onwand, winds also increasingly en- 
trained sand. A first (semi-)desert plant com- 
‘munity developed between 3900 and 3100 cal 
yr BP. with expansion of herbs such as 
Blepharis, Boerhavia (Fig. 2G) and Tribulus 
(scarce), followed at ~2700 cal BP. by vegeta- 
tion found today both in the immediate vicinity 
of Ounianga and throughout the central Sahara 
(25): Artemisia, Cormulaca, and Amaranthaceae- 
Chenopodiaceae, with scattered Sahwadora persia 
and Ephedra trees (Saharan plant taxa, Fig. 2G), 
as well as Acacia. 

The near-synchronous immigration of true 
desert plant types at ~2700 cal yr BP. is asso- 
ciated with a marked increase in the influx of 
grass pollen (Fig. 2G), despite our inference of a 
by now mostly bamen desert landscape (SOM 
text 7). This switch coincides with magnetic 
susceptbilty reaching a plata value of ~40 
10 SI units, followed by a modest, gradual 
decline toward the present (Fig. 2E). We 
interpret this coincidence to reflect the estab- 
lishment around 2700 cal yr B P. of the modem 
regional wind regime, with strong northeasterly 
trade winds blowing almost year-round (Fig. LA). 
In this interpretation, the greater pollen influx 
‘mostly reflects enhanced long-distance transport 
from a now much expanded pollen source area, 
including scrubland and steppe at the norihem 
finge of the Sahara. This interpretation is sup- 
ported by the occurrence afier 2700 cal yr BP. 
of pollen from plant species (eg, Quercus) 
(Fig. 2G) that likely originate from the Medi- 
terranean coast (Fig. 1A) (29). The expanded 
pollen source area implies that average north- 
casterly wind strength must have increased 
during this time, either because wintertime 
trade-wind circulation intensified or because a 
change in the mean position of the Libyan high- 
‘pressure cell now channeled low-level northeast. 
erly flow more effectively through the Tibest- 
Ennedi comidor. After passing through the 
Ouniangs region, these surface winds continue 
{nto the Bodélé depression of the narthem Lake 
Chad basin, the single most important source of 
Saharan dust (9, 30). Important. topographic 
control by the Tibesti and Ennedi on the gen- 
eration of erosive Bodélé low-level jet winds 
GI, 32) implies that our timing of the onset of 
the moder wind regime in northeastem Chad 
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‘has direct bearing on the history of Saharan 
dust production and export. We interpret the 
slightly decreasing dust flux (magnetic sus- 
ceptibility) at Ounianga since 2700 eal yr B.P. 
10 indicate that deflation during the preceding 
1500 years had by that time removed all loose 
soil laid bare through the loss of vegetation cover 


(SOM text 6), From that moment on, the mineral 
dust fx became limited by its rate of erosion 
from dried-out lake basins and exposed bed- 
rock. Redeposition of sand mobilized in this 
process led to dune development at the foot of 
‘the Ounianga escarpment. The rising sand con- 
tent after 2700 cal yr BLP. (Fig. 2F) may reflect 
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the gradual migration of these dunes into Lake 
‘Yoa (Fig. 1B) and their approach of the midlake 
coring site 

The record of Tipha (cattal) pollen (Fig. 
2G) illustrates the temporal linkages between 
the evolution of terrestrial and aquatic ecosys- 
tems at Ounianga over the past six millennia. 


Fig. 2. Evolution of aquatic and terrestrial ecosys- 
tem components over the past 6000 years, with 
‘episodes of marked change highlighted with stippled 
vertical lines. The aquatic ecosystem of Lake Yoa is 
described by paleosalinity reconstructions based on 
fossil cironomids and diatoms (A); and diatom silica 
jn weight percent of SiO, (B) and bull organic 
matter (Q a5 indicators of primary productivity. Core 
lithology is illustrated by sections of laminated 
sediment representative or lower, middle, and upper 
Portions of the cored sequence (D). The terrestrial 
‘ecosystem of the Ounianga region is described by 
the magnetic susceptibiity record of eolian dust 
input (B), the dry-weight fraction of fine sand (F), 
and the influx rate (G, right axes) and percentage 
G left axis, Poaceae only) of pollen or spores from 
principal plant taxa. (H) shows local summer insola- 
tion over the past 6000 years (44). The age-depth 
model (fig. $1) is constrained by the sediment. 
water interface (2003 AD), the '"7Cs marker of 
peak nuclear bomb testing (1964 AD, purple) and 
17 “C dates on bulk organic matter (green; open 
triangles are outtiers), with, a Lake-carbon reservoir 
‘correction based on paired ““C dating of bulk organic 
matter and either charred grass (brown) or 1918 AD 
in varve years (black) (27). 
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‘Two episodes of expanded Tipha swamp 
‘occurred at $500 to 4700 cal yr BP. and 2700 
to 600 cal yr BP. The first of these coincides 
with the first reconled evidence for a drying 
‘terrestrial ecosystem (Fig. 2G), as well as with 
indicators of increasing aquatic productivity 
(Fig. 2C) and community tumover in the 
phytoplankton (fig. S2). We interpret these data 
to indicate that by 5600 to $500 cal yr BLP. ci 

matic deterioration of the regional moisture 
balance caused parts of the rocky Ounianga 
plateau to develop droughttolerant vegetation 
and forced a lake-level decline that both in- 
tensified lake mutrient dynamics and allowed 
Typha swamp to develop along gently sloping 
shorelines. Typha expansion at 2700 cal yr BP. 
coincides with the establishment of today’s desert 
plant community and of Lake Yoa as a relatively 
‘unproductive, hypersaline desert lake (Fig. 2) 

‘We interpret these indicators to signal the 
stabilization of Lake Yoa at its present elevation, 
set by the hydrological balance between a 
hyperarid climate regime, wind-enhanced evap- 
oration, and fossil groundwater input 

Timing and mode of climate change. Arid 
climatic conditions in the Sahara since ~4300 
cal yr BP. have eradicated all but a few 
permanent aquatic environments. Paleoenviron- 
‘mental records covering this period with similar 
data quality (SOM text 5) are unlikely to exist 
anywhere else in the arid climate belt of North 
‘Affica, Our nmaliple indicator reconstruction illus- 
trates the complex relationship between Saharan 
ecosystems and climate throughout the period 
of aridification. It gives no indication for abrupt 
mid-Holocene climate change, or for alteration 
between marked dry and wet episodes that al- 
lowed the vegetation to recover to previous eco- 
logical conditions (SOM text 8). Most important, 
our data do not show an abrupt collapse of the 
early Holocene terrestrial ecosystem, but a grad- 
ual reduction in the abundance of tropical vege- 
tation components followed by loss of grass 
cover and establishment of the modem desert 
plant community. 

‘The combined palecenvironmental evidence 
{indicates that annual rainfall in the Ounianga 
region was reduced from ~250 mm at 6000 cal 
yt BP. to <150 mm by 4300 cal yr BP, fol- 
lowed by somewhat slower evolution to present- 
day hyperarid conditions (<50 mm annually) by 
2700 cal yr BP. (SOM text 9). Terrestrial and 
aquatic ecosystems experienced both gradual evo- 
lion and retaively rapid, threshold type changes, 
progressing through a predictable sequence of 
{interconnected system responses to climate driven 
deterioration of the regional water balance. At 
the landscape scale this reduction in moisture 
wwas effected through decreasing and more inter- 
mittent rainfall, lowering of the groundwater 
table, and the drying out of surface waters. For 
example, the faitly rapid fresh-to-saline transi- 
tion of Lake Yoa probably reflects its switch 
from a hydrologically more open lake system 
before 4300 cal yr BP, when substantial surface 


‘or subsurface outflow prevented concentration 
of dissolved salts, to a hydrologically closed 
system with water output only through evap- 
‘oration, and a consequent concentration of di 
solved salts. The exact timing of this transition 
depended on a site-specific threshold in the 
evolving balance between summed inputs (rin, 
Jocal runoff, groundwater, and river inflow) and, 
‘outputs (evaporation and subsurface outflow), 
rather than the timing and rate of regional cl 
mate change. Plant community response to cli 
rate is also often nonlinear (25, 33), because it 
is govemed by the physiological tolerance of 
kkey species 10 water scarcity and/or osmotic 
stress (€g,, 34), by soil moisture thresholds for 
‘vegetation persistence, or by the role of vege- 
tation and its spatial patterning in promoting 
infiltration (35) and preventing soil erosion or 
‘utrient loss (36, 37). If mid-Holocene climate 
change had been concentrated in a relatively 
short period, the long process of ecological suc- 
cession and species tumover betwen “green” 
and “desert” Sahara states would not have been 
reconted or would have collapsed into a time 
‘window lasting a few centuries rather than the 
2.5 millennia observed in our data. 

Jn summary, the Lake Yoa record supports 
archaeological (38) and. geological (J4) data 
from the easter Sahara as well as palynological 
data from the West African Sahe! (39, 40) that 
the iconic record of Saharan dust deposition in 
the tropical Atlantic Ocean (2) is not representa- 
tive for landscape history throughout dry northem 
‘Africa. It is also consistent with climate mod- 
cling output (20) showing a mostly gradual mi. 
‘Holocene precipitation decline over the easter 
Sahara (SOM text 8), in ine with monsoon proxy 
records from elsewhere (41-43) that indicate a 
close Ink between the hydrological cycle in 
northem subtropical regions and orbital inso- 
lation forcing (Fig. 21). Disagreement with 
modeling results indicating abrupt mid Holocene 
vegetation colapse (18, 20) suggests that the im- 
plicated biogeophysical climate-vegetation feed- 
‘back may have been relatively weak (6) and that 
nonlinear vegetation response to moisture balance 
variability superimposed on the long-term dry- 
ing trend, although certainly affecting individual 
species distributions, did not lead to abrupt vege- 
tation collapse at the landscape scale. 
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Controlled Phase Shifts with a Single 
Quantum Dot 


Ilya Fushman,* Dirk Englund,?* Andrei Faraon,™* Nick Stoltz? 
Pierre Petroff,? Jelena Vuckovic?t 


Optical nonlinearities enable photon-photon interaction and lie at the heart of several proposals 
for quantum information processing, quantum nondemolition measurements of photons, and 
‘optical signal processing. To date, the largest nonlinearities have been realized with single atoms 
and atomic ensembles. We show that a single quantum dot coupled to a photonic crystal 
nanocavity can facilitate controlled phase and amplitude modulation between two modes of light 
at the single-photon level. At larger control powers, we observed phase shifts up to 1/4 and 
amplitude modulation up to 0%. This was accomplished by varying the photon number in the 
control beam at a wavelength that was the same as that of the signal, or at 2 wavelength that was 
detuned by several quantum dot linewidths from the signal. Our results present a step toward 


‘The refiectivity of the linearly polarized cavity 
lated from background laser scatter by 
of a cross-polarized setp (13, 12), The 
reference beam was introduced by inserting a 
quarter wave plate (QWP) between the beam- 
splitter and the cavity. The QWP converted the 
Jinearly polarized signal into an elliptcally po- 
Jarized beam with components parallel and or- 
thogonal to the cavity polarization. After reflection 
from the sample, these two components acquired 
a relative phase. The detected signal J, is an 
interference between the cavity-reflected com- 
ponent and the reference field 


4@)[ro) +e") ay 


where 4(0) is a coefficient that depends om the 
QWP angle @ relative to the vertical polarization 


{quantum logic devices and quantum nondemolition measurements on a chip. 


jhotons are attractive candidates for quan- 

tum bits, because they do not interact 

strongly with their environment and can 
be transmitted over long distances. They are well 
suited for carrying information by means of 
polarization or photon mumber, and can be 
‘manipulated with great precision by optical 
clements (1). In addition, photonic qubits can be 
used to interconnect atom-like qubits realized in 
various systems (2-6). Quantum logic with pho- 
‘ons requires a gate that facilitates an interaction 
between two enincident photons (7) A controlled 
phase gate, which can be realized by an atom in a 
high-quality (Q) cavity (2), performs this fimction. 
{In this gat, the accumulated phase of one beam is 
dependent on the total number of photons 
{interacting with the atom, and the presence of 
other photons can be measured without destroying 
them (8-10). 

Our nonlinear medium consisted of a three 
hole-deféct photonic crystal (PC) cavity (11) 
with a coupled InAs quantum dot (QD) (Fig. 
1A), Because of the presence of a distributed 
‘Bragg reflector undemeath the PC membrane, 
we treated the PC cavity as a one-sided system. 
‘The structure was thermally isolated, allowing us 
to contro! the cavity and QD resonances with 
heating laser (12), The cavity field decay rate was 
x= 16GHz, corresponding to a quality factor 
Q= 10,000. The QD had an estimated spontane 
ous emission rate of y/2x ~ 0.2GHz. In the 
described experiments, we employed two QDs: 
strongly coupled QD with a vacuum Rabi fe- 
quency g/2n= 16 GHz and a weakly coupled QD 
with g/2n = 8 GHz. 


*pppled Physics, Stanford Univesiy, Sanford, CA 94205, 
USA. “Hecriat and Computer engineering, University of 
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of the polarizing beam spliter (PBS), (0) is the 
frequency and power-dependent cavity reflectiv- 
ity, and '¥(@) isthe reference phase delay. 4(0), 
(a), and (8) are given in the supporting online 
mter.al (SOM). 


We measured the phase of cavity-reflected 
photons by interfering them with a reference 
beam of known amplitude and phase (Fig. 1A) 
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Fig. 1. Experimental setup (A). Vertically polarized control (wavelength 2.) and signal (wavelength 2,) 
beams are sent to the PC cavity (inset) via a PBS. A QWP (fast axis 0 from vertical) changes the relative 
phase and amplitude [C(@)] of components polarized along and orthogonal to the cavity. Only the 
Teflection coefficient ria) for cavity-coupled light (at 1-45°)) depends on the input frequency and 
amplitude. The PBS transmits horizontally polarized light to a detector, D. (B) Theoretical model for the 
phase of signal beam ¢. The signal phase 6; changes to 6, or @5 when the control and signal beams are 
resonant or detuned, respectively, and n. = 0.3. The nonlinear phase shift due to the increase in power 
is showm as Ap,. The wavelength detuned control shifts the phase 6; relative to 61 by the ac Stark effect 
(9). ¢3 is asymmetric because the cavity-coupled control power depends on the cavity and QD 
wavelengths during the temperature scan (C) (see SOM). The temperature was scanned from 20 to 27 K. 
(D) measured R for different QWP angles and fit by theoretical model Eq. 1. (E) Phase of the reflected 
beam, extracted from the model fits in (0). 
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We first performed phase measurements on 
single (Signal) beam reflected fiom the cavity 
with a QD. Interference between the QD- 
scattered field and the incident signal resulted in 
‘the rapidly varying feature in Fig. 1D. As the 
phase of the reference beam increased fiom 0° 19 
33°, this interference evolved from destructive to 
constructive, and the dip at @ ~ 0° changed to a 
peak at O ~ 33°. We find that this interference is 
only explained by coherent light scatering from 
the QD. The experimental data are fit well by 
Eq, 1, as shown in Fig. ID. Each fit gives the 
signal phase @ = arctan(Im{r(o)/Refr(o)). 
where efr(e)] and Jmfr(o)} are the real and 
imaginary paris of the cavity reflectivity 7(e). 
‘The phase fits for 11 scans with different QWP 
angles 0 are superposed in Fig. IE. As the signal 
wavelength traverses the cavity resonance, @ 
changes from 0 to —r. An additional phase mod- 
‘ulation occurs at the QD resonance, where the 
‘phase varies by almost m over the dot bandwith 
(2g7/x = 2m 32 GHz). 

‘When measuring the controlied-phase shifs, 
‘we first considered the cases in which the control 
and signal have the same wavelength (they 
potentially could be distinguished by polarization 
or incident direction). When the contro! and 
signal are atthe same wavelength, the nonlinear 
{interaction between them (Fig. 2, A and B) arses 
from the saturation of the QD in the presence of 
cavity-coupled photons (/2). Saturation occurs 
When the average photon number inside the 
cavity reaches approximately one, photon per 
‘modified QD lifetime, given by wig”, The cavity 
photon number is 2. = nPa/{2 she,], given the 
input power Pj, control frequency @, and 
coupling efficiency » ~ 2 to 5% in our 
experimental setup. The observed QD-induced 
dip does not filly reach zero at low powers, as 
expected fiom theory (12, 14), because of QD- 
wavelength jitter and blinking (see SOM). 

We observed a phase modulation of 0.24 
(43°) when the contro! photon number was in- 


‘amaxinmum differential phase shift of 0.07x (12°) 
when m.~ 0.1. The differential amplitude is 
maximized at a higher n. ~ 0.43, where it 
changes by 15% when nis increased 10 2ne 
(Fig. 2E). Theoretically, we estimate a maxiemum 
of 0.15 (27°) for phase and 20% amplimde 
‘modulation with our system parameters 
Conventionally, the intensity-dependent re- 
fractive index ni; or the Kerr coefficient 7°? de- 
scribes the strength of a nonlinear medium in 
‘which the nonlinearity is proportional to the 
photon number (27). The cavity-embedded QD 
is highly nonlinear and isnot well described as a 
pure Ker medium. However, for weak excita- 
tons, we can still approximate the nonlinear 
index and susceptibility from the relationship 
between the acquired signal phase shift, and 73 
given by 0, = Qnnz/t-XPa/Acy X20), where 
cw ~ Qn} is the cavity area, and c/2xn gives 
the propagation length in GaAs with refractive 
index m= 3.5, From our experimental data at 


‘This value is many onders of magnitude larger 
than most fast optical nonlinearities in solid- 
state materials. 

Spontaneous emission from the QD into 
‘modes other tha the cavity reduces the per 
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18 
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reflectivity R. 


phase dy 


formance of quantum gates because of photon 
losses, In Fig, 2D, we show a 1% photon loss due 
to incoherent fluorescent emission from the QD, 
which is driven 0.014 nm away from resonance by 
the signal laser. Fuorescence loss is expected to 
scale as Fyo(F + Fc) = 0.15%, where F = 160 
is the QD Purcell factor in the PC cavity and 
Frc 0.25 is the suppression of the QD radi- 
ive rate due to the PC lattice (18). The observed 
1% is higher than the expected value for losses, 
but within error, because Foc stongly depends 
fon the dot position and can at most be unity. 
Radiation ffom nearby emitters cannot be ex- 
cluded from this signal and therefore fluores- 
cence losses from the addressed QD may be 
ower (18). 

For applications such as quanturn nondemo- 
tition (QND) detection and optical control, it is 
advantageous to spectrally separate the contro! 
and signal beams. We detuned the control beam 
by AA = ~0027 mm (1.2g) with respect to the 

signal beam, which again was aligned to the QD- 
cavity intersection (Fig. 3A). The number of 
signal photons per QD lifetime (n,) was fixed and 
the contro! photon mumber (7) was varied. In 
these measurements, a weakly coupled QD with 
gx =w/4n= 8 GHz was used. Saturation power 
scaled with the modified spontaneous emission 


* on) measured 
= ofng ft 
ofan fit } 


creased from 11. ~ 0.08 to 3 and the wavelength 
‘was set 0.014 nm (g'3.5) away from the ant 
crossing point (Fig. 2C). The reflectivity ampli- 
tude R normalized by the cavity reflectivity 
‘without a dot Ro is shown for the same detuning 
in Fig. 2E and changed from 50 to 100% at 
saturation, The excitation powers were 40 nW 
and 1.3 wW, measured before the objective lens 
(Corresponding to n. of 0.08 and 3, respectively), 
and indicate a coupling efficiency of up to 5%. 
However, the coupling efficiency fluctuated be- 
cause of sample drift during the experiment. 
‘Therefore, we estimate control powers from fits 
to the data, and give power levels measured 
before the objective lens for reference. 

{In the context of quanturn gates (2. 15, 16), 
‘we are interested in the signal photon’s phase 
change caused by a single contro! photon. When 
the contro! and signal have the same wavelength 
(he = 2s) and the sume duration, the change is 
given by the difference between the phase 
evaluated at 7, and 2n, (Fig. 2C). We measured 
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Fig. 2. Nonlinear response of the QD-PC cavity system to singlewavelength excitation near saturation 
_at control photon number n, = 0.6 (A and B). Each temperature scan count corresponds to a particular 
‘detuning between the cavity and the QD, as in Fig. 1C. At a detuning of 0.014 nm (0.3g) from the dot 
resonance [vertical line in (B), the phase changes by 0.24x when n, increases from 0.08 to 3 (Q. The 
phases derived from experimental scans (points) agree with theory (old line). The dashed red curve is 
the fit to experimental results evaluated at control powers of 2n.. The signal phase shift due to the 


doubled signal photon number ofn.) — o(2n) is maximized at n, 


0.2 (arrow). (D) The main loss 


‘mechanism due to fluorescence from the QD corresponds to ~1% photon loss. (E) Reflectivity power 
dependence. Points correspond to experimental data for reflectivity (R) normalized by the calculated 


value of from a cavity with no QD (Re). 
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Fig. 3. Interaction between a control and signal beam at different wavelengths. (A) The signal beam at 
’hg (Dis detuned by 0.027 nm (1.29) from the control beam at (id and positioned to coincide with the 
cavity-dot crossing-point Gi). For each measurement, a sequence of scans s taken G to ii. The QD and 
cavity trajectories are shove in (il. We track the amplitudes at both wavelengths in each frame (ito iid 
‘to subtract fluorescence backgrounds, which are magnified 10x in (B) and (C) (these are fluorescence 
backgrounds detected at control and signal wavelengths, respectively). The QD-induced dip is clearly 
visible in (B) when only the signal (solid blue line) is on, and in (C) when only the control (dashed tne) is 
‘on. This feature disappears when both beams are on in (D). In (D), the spectra are normalized to clearly 
show saturation. The signal and control powers were 100 nWW and 200 nl measured before the lens, 
corresponding to cavty-coupled signal and control photon numbers 1, = 0.2 and n. = 03, respectively. 
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4. Nonlinear response of a weakly coupled QD inside the cavity to excitation with control- and 
beam wavelenaths separated by 0.027 nm (1.2g). The reflectivity ofa signal beam with n, = 02 
photons per cavity lifetime is shown in (A) for three values of the control beam photon number n.. The 
QD saturates almost completely when n= 1.3, which corresponds to a power of 1 uW measured before 
the objective lens. The data are fit with a full quantum model, which allows us to extract the signal 
phase shown in (B). In (C), the amplitude ofthe reflected signal beam when itis 0.009 nm (0.49) away 
from the dot resonance [vertical line in (A) and (B)] is shown as a function of control-beam photon 
‘number n. In (D), we show the difference between the phase shift of the signal beam when the control 
beam is on (6) and when itis off (4) as a function of n, at the same time point as in (C). 
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rate g7/x, and so the smaller g value permitted 
lower control powers and reduced background 
noise. In Fig. 3, we show the principle of the 
‘measurement. First, the signal and control were 
tumed on independent; the QD dip is visible in 
Fig. 3, B and C. The dip disappeared when the 
two beams were tumed on sirmultaneously and 
{interacted (Fig. 3D), For better visibility at high 
control powers, the signal power in Fig. 3 was set 
to 100 nW before the objective lens, come- 
sponding to n, ~ 0.2 signal photons in the cavity 
per cavity lifetime. 

In Fig. 4, we show experimental results for 
phase shifis with control and signal beams at 
different wavelengths. Here, the signal phase was 
affected by the saturation of the QD and a fie- 
quency shift of the QD due to the ac Stark effect 
(27), which can be used to realize large phase 
shifts (19). The signal reflectivity and phase as 
functions of control-beam photon number are 
shown in Fig. 4, A and B, We fit both the signal 
sand control data by a full quantum sirmulation and 
derived the underiying signal phase shift as a 
function of the control photon number (20) (see 
SOM), The reflectivity at the sigmal wavelength 
saturated completely when the control photon 
ruber reached 71, = 1.3, which corresponds to 
1 uW of power measured before the objective 
Jens. The associated phase modulation was 0.13 
at the signal detuning of 0,009 nm (0.4) from 
the dot resonance. The phase behavior in Fig. 4B 
is asymmetric with respect to the center of the 
QD induced dip because the coupling of the 
control beam changed with the temperate sean. 

We fixed the signal wavelength at 0.009 nm 
(@) away from the QD resonance and deter- 
‘mined the phase and amplitude modulation for a 
range of values of n.. The signal phase 7.) relative 
to the signal phase with no control é = 6(1.= 0) 
is shown in Fig. 4D. The maximum observed 
phase shift when 1.~ 1 was 0.16 (288°). The 
largest nonlinear phase change was observed for 
n, = 0.08, for which @(n.) — (0) = 0.05% (9°) 
‘These values give a nonlinear index of ns ~ 1.8 * 
10% mW, of x = 1.6 * 107° mi/V", for a 
detuning of 0.027 nm (1.2g) between the signal 
and control. This value is similar to that of the 
(QD with larger g. Numerical simulations indicate 
that the relative magnitude of nonlinearities due 
to these two QDs strongly depends on the laser 
frequency. The nonlinearities for the two cases 
are summarized in Table 1 

The current implementation of the QD/cavity 
system is already promising for low-power and 
QND photon detectors (8-70), We have shown 
that the phase and amplitude of the signal strong 
Jy depend on the control photon number when 
the signal and contro! photons are spectrally 
separated. Furthermore, the magnitude and band- 
Width of the Kerr nonlinearity 7° observed in 
this experiment are rivaled only by measure- 
‘ments in atomic ensembies (22, 22) 

To realize useful quantum logic gates, con- 
trolled x phase shifs are necessary (23). This wil 
require repeated interactions. Such cascading 
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Table 1. Nonlinear parameters and phase modulation derived from experimental data for the 21 S. Har, Fit A mamogl, Phys Re. ett 64, 1107 
strongly (first row) and weakly (second row) coupled QDs. Ag is a maximum differential phase shift 990. 
[Ao = o(n0 — (001, which is achieved at the intracavity photon number n, in the last column. SE: ES aN 5 Eats ips Mie HER: 


glen (GH2) ds hoo (nm) dg Ae (nm) _ ng (cm7AW) Mem 
16 0.014 (0.39) 0 27 x 10% 001s: 0.01 
8 0.009 (0.49) 0.027 18 x 10° 0.05x 0.05 


requires coupling efficiencies that are higher than 
the observed 2 to 5%. This technical challenge 
ccan be overcome, We have already demonstrated 
architecture for a QD cavity. waveguide-coupled 
quantum network (24) with coupling efficiency 
above 50% between two nodes, and cavity- 
‘waveguide couplers (25) with coupling efficiency 
reaching 90%. The observed fluorescence losses 
are already sufficiently lw to allow scalable com- 
putation (26), and can be further improved with 
increases in cavity Q. The ability to tailor photon 
QD interactions by PC fabrication makes this a 
highly versatile platform for a variety of quantum 
optics experiments and has great potential for 
compact scalable quantum devices. 


References and Notes 

2. E ail atone, G J Abum, Nae 409. £6 206%) 

2 Q Ture, C. Hoad, We Lange, H. Maui, Hine 
Pye. Rox ttt 75,4720 (1995. 


3 TW, S.C Webster, A Kuh, G Rempe, Science 317, 
488 Goon. 

44 J Majer et of, Mature 489, 463 2007. 

SC Santer et a Pips Rew. Lett 97, 247401 (2006) 

6 HY. Gurucey Dutt tat, Science 316, 1312 007). 

7 DP. DMincenao, Forth Ps. 88, 771 2008. 


9. LP. Pott P. Granger, Pi: Rex tet 70, 271 02993). 

10. 6. Mogues of. Notre 400, 239 19952. 

22 Y. Atahane T. ano, 85. Song, § Mods, Hoture 425, 
340 2003) 

22. D. Englund et a, Mature 450, 857 2007) 

3B. Aug | Voki. Opt ett 30, $82 (2005). 

1 E Wks J. iho Phys. Rx. Ltt. 96, 353601 (2006. 

15. LL Chuang, ¥. Yamamto, ys. Rex A 52, 3489, 
995) 

26 CMW} Mane, T. Spier MJ Pips 7, 137 2005). 

17. RBoy. Nontinear Optic Academic Press Ne York 2 
2.2003. 

18D. Englund etal. Phys. Re. Lett 95, 013908 (2065). 

39. E Wks J Vu Phys Rex. 473, 081803 2006). 

20. $M. Tan, wwe.gn phy 2ekland cnagototbac hil, 


2593 1992). 

2B. MA Nielsen, | L Chueng. Quontum Computation ond 
‘Quontum information (Canbdge Univ. Press 
abridge, UK 20002. 

24, D. Enghnd, A Foran, 8. Zhang, ¥,Yaramoto, 
|, Wudkowic Opt Expres 15, 3550 (2007) 

25, A Fargo, &. Waks, D. Englund, | Fshman, 

J. Woh Appl Ps ett. 90, 073302 (2007) 

26. E Kail Nature 434, 39 2005) 

27. Fanci support was provided by the Maltidiscptinay 
University Research Incentive Ceter for photonic 
‘quantum information systems (amy Research Office! 
Ineligence Advanced Research Projects 
Agency Program DAADI9-03-1-0199), Office of Naval 
Research Young imestgaor Anard, and NSF grant 
€CF-0507295. DE and LF. ner also supported by 2 
National Delerse Scence and Engineering Graduate 
fellonship. Port ofthe work was perermed atthe 
Sanford Nenotbrcation Fact of the Natenal 
Nenotechnology infrastructure Network supported 
bythe NSF under grant £C5:9731253. 


‘Supporting Online Materiat 
veo ciencemag.rglgicontentul320/5877/769/0C1 
SOM Ter 

Figs Si and $2 

Reterences ad Motes 

26 December 2007; accepted 1 April 2008 
202126uience 1154683, 


Conditional Dynamics of Interacting 


Quantum Dots 


It, Atac Imamoglu™* 


Ledo,* Jeroen Elzerman,* Gregor Jundt,? Mete Atatiire,? Alexander Hagele,* 


Conditional quantum dynamics, where the quantum state of one system controls the outcome 
of measurements on another quantum system, is at the heart of quantum information processing. 
We demonstrate conditional dynamics for two coupled quantum dots, whereby the probability 
that one quantum dot makes a transition to an optically excited state is controlled by the presence 
cor absence of an optical excitation in the neighboring dot. Interaction between the dots is 
mediated by the tunnel coupling between optically excited states and can be optically gated by 
applying a laser field of the right frequency. Our results represent substantial progress toward 


realization of an optically effected controlled~phase gate between two solid-state qubits. 


dots (QDs) () can be manipulated and 

probed optically, enabling ultrafast coher- 
ent control (2) and rendering them mode! systems 
for solid-state quantum optics (3). Particularly 
promising are quantum dots. deterministically 
charged with a single electron, because the elec 
tron spin state is robust against relaxation and 
decoherence (4), In such systems, single electron 
spin states can be optically prepared (5) and read 
out (6, 7), allowing demonstrations of optically 


S elfassembled semiconductor quantum 
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detected electron spin resonance (8) and coherent 
spin dynamics (9). These results established QD 
spins as promising candidates for solid-state qubits 
and motivated ourresearch aimed at demonstrating 
conditional interactions, which is required for 
{implementing two-qubit quantum gates. 

In electrically defined QDs, the exchange 
interaction (/0) has been used to demonstrate 
such controlled conditional coupling between 
electron spins (J/). However, this mechanism 
requires fast electrical control over the exchange 
splitting, which is not feasble in self-assembled 
(QDs (12-14). An altemative mechanism that has 
been proposed for coherent coupling of self 
assembled QDs (15) is based on dipole-dipole 
{interaction (16), which can be switched on in 
sub-picosecond time scales by optically exciting 


both QDs (17), However, for standard vertically 
coupled QDs, the bare dipole-dipole interaction 
{s typically too weak (smaller than the linewidth 
of a QD transition) to allow for the accumulation 
of large conditional phase shifts 

We present an experimental realization of a 
strong optically gated interaction between a 
neutral and a single-electron-charged QD. The 
{interaction mechanism, which relies on the tunne! 
coupling between the dots (2-14), is tunable 
and can be much larger than the dipole-dipole 
{nteraction. The experiments were performed ina 
GaAs device (grown by molecular beam epi- 
taxy), containing two layers of self assembled 
InGaAs QDs with a nominal separation of 15 
‘nm. QDs in the top layer tend to grow directly on 
top of QDs in the bottom layer because of the 
stain field produced by the latter (14), resulting 
in stacks of vertically coupled QDs (CQDs). 
‘These QD stacks are embedded in a field-effect 
stucture consisting of an n”-doped GaAs layer 
acting as m clectron reservoir (with a 25-nm 
‘une! barrier to the botiom QD layer) and a 4-nm- 
thick semi-transparent Ti top gate (Fig. 1A). By 
varying the gate voltage, we can deterministically 
charge the two dots and tune their relative energy. 
In order to reach a regime where the electronic 
energy levels of a stack can be brought into res- 
nance, the size of the bottom QDs has been 
reduced during growth, leading to an increase of 
their recombination energy. In the following, we 
refer to the QDs of a stack as the blue QD 
(bottom) and the red QD (top). The relatively 
thick tunnel barrier between the dots [compared 
with the CQDs used in (12, 13)] assures that 
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ig. 1. Conditional interaction in a CQD. (A) Schematic band structure of the device, showing the 
lowest energy levels for electrons and holes confined in the top (red) and bottom (blue) QD. The 
voltage applied between the gate (black) and the n”-GaAs reservoir tilts the bands and thereby 
controls the charge state of the dots and their detuning, allowing the electronic eneray levels to be 
brought into resonance. (B) Schematic energy level diagram representing the relevant elementa 
optical excitations in both dots. The ground state consists of a single electron in the blue dot. X° 
corresponds to the creation or recombination of one electron-hole pair in the otherwise empty red 
dot; X;, to the creation or recombination of an electron-hole pair in the blue dot in the presence of 
a resident electron. Note that X° is split because of the bare electron-hole exchange interaction 
(levels 16) and I7)) or because of the exchange interaction plus additional mixing with the interdot 
exciton (levels 12), 13), and I4)). 
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Fig. 2. Low-temperature pho- 
toluminescence (in logarithmic 
color scale) versus gate voltage. 
(A) Recombination involving a 
hhole in the blue dot. PL from the 
sequence of successively charged 
exciton complexes leads to the 
plateaus indicated by the labels. 
(Onset) The X; transition shifts 
abruptly by ~100 eV because 
of charge sensing of the red QD. 
(B) Recombination involving 2 
hole in the red dot. (Inset) Anti- 
crossing of intradot and interdot 
recombination for the X? tran- 
sition. The normally dark exciton 
‘transition isso visible, ~250 eV 
below the bright exciton. 
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‘tunnel coupling is only substantial near a reso- 
nance condition, that is, around specific gate 
voltages and for specific charge configurations. 

This system allows us to realize the con- 
tional scheme depicted in Fig, 1B. Inthe ground 
state (I), the blue dot comtains a single electron 
and the red dot is empty (as indicated in the 
corresponding level diagram). Upon absorption 
of a photon with the proper energy, a negatively 
charged exciton (5) is created in the blue dot 
(Xj transition; if a second photon that is res- 
‘onant with the red X° transition from state |S) is 
absorbed, an exciton is created in the red dot as 
well. Because of electron-hole exchange, the X° 
transition is in fact split into two transitions with 
conthogonal linear polarization, X°, and X°, 
(28, 19), associated with two slightly nondegen- 
erate states, (6) and |7), respectively. In all of these 
states (1), |S), 6), and 7), there is no resonance 
between the electron levels in the blue and the 
red dot; thus, the ture! coupling is not effective 
(20). in contrast, if no photon is absorbed in the 
‘blue dot but only in the red dot, then the relevant 
states 2) and (3) (again split because of electron 
hole exchange) are near resonance with the 
indirect ton state 4), in which both electrons 
are in the blue dot. Therefore, the tunnel coupling 
{sable to mix states |2), 5), and (4), leading to a 
shift of their energies, As a result, a photon of 
the bare energy X°,, or X®, can only be ab- 
sorbed if there is an optical excitation present 
in the blue dot; this scheme thus describes a 
conditional operation. 

To implement this conditional scheme exper- 
‘mentally, we first characterize a particular stack 
of two CQDs by performing nonresonant photo- 
Juminescence (PL) measurements at 4K. The 
substantial blue shift of the bottom QD layer 
enables us to assign all PL peaks to recombina 
tion either involving a hole in the blue QD (Fig. 
2A) or involving a hole in the red QD (Fig. 2B) 
The two QDs behave to a large extent as ind 
vidual dots because of the relatively thick tunne! 
bamrier between them, so that pate-voltage- 
dependent PL spectra exhibit the characteristic 
charging plateaus (2/) labeled in the figure. For 
the blue dot, the presence of its red partner only 
manifests itself in charge sensing (Fig. 2A inset), 
resulting in a -100-jeV shift of the negatively 
charged blue transition (Xj) when the red QD 
charge changes from singly positive a long-lived 
‘metastable state) to neutral (14). 

The PL spectra for the red QD (Fig. 2B) are 
considerably more complex. In addition to the 
standard intradot recombination (between an 
electron and a hole in the same dot), which 
exhibits a small Stark shift, we also observe 
fnterdot recombination (electron and hole in 
different dots), which shows a much larger slope 
because of the relative energy detuning of the 
dots with gate voltage. For certain gate voltages 
clear anticrossings appear, indicating mixing 
between intradot and interdot recombination, 
‘The region relevant for this experiment is high- 
lighted in the Fig. 2B inset. In this voltage range, 
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the lowest energy state of the blue QD has a 
single excess electron, whereas the red QD 
ground state is uncharged. The fact that in this 
region we see evidence of tunnel coupling only 
for X® recombination but not for X; tells us 
‘unambiguously thatthe tunnel coupling occurs in 
the optically exeited X° state but notin the X; 
state or the ground state. This situation thus 
corresponds to the mixing between states (2), 3), 
and |4) that was described in Fig. 1B (22). 

To probe the conditional behavior of the 
CQD, we need precise control over the excitons 
that are created in the system. We used a tunable 
laser to resonantly excite one of the dots and 
detected the absorption of the laser by the CQD_ 
device with use of the technique of differential 
‘transmission (23). Wecan now resolve the 35-1eV 
electron-hole exchange spliting of the bright 
neutral exciton in the red QD into the two 
orthogonal linearly polarized X?,, and X?, 
resonances (compare the rightmost parts of Fig. 
3, B and ©). For gate voltages around 125 mV 
(2A, these two states mix with the indirect triom 
state, leading to an anticrossing as depicted sche- 
‘matically in Fig. 3D, with a tunnel spliting of 
100 eV. In addition to shifting the transition 
caeiped, the soixing, also lends 1 praca 
change in the polarization character ofeach of the 
‘two exchange split resonances. In contrast to the 
red dot, the negatively charged exciton transition 
fn the blue dot (Xj) shows no indications of 


tunne! coupling in this voltage range (Fig. 3), 
confirming that the tunnel coupling is only 
‘Present in the excited state of the red dot. 
Although singleaser absorption measure- 
iments map out the transitions available from the 
‘CQD ground state, two simultaneous lasers are 
required to reveal the effects an optical excitation. 
{none QD has on the states of the parmer QD, 
‘establishing the conditional interaction of the 
dots. We measured the absorption of the “red” 
probe laser (Fig. 3, B and C) but now in the 
presence of a second “‘biue” pump laser that is 
‘kept on resonance with the Xj transition for all 
gate voltages. In this case, the pump laser can 
‘create an optical excitation in the biue dot, ving, 
rise to an extra absorption resonance for each 
polarization direction of the red laser (biue lines 
in Fig. 3, E and F). Both of these extra lines 
follow the linear Stark shifi of X°, indicating that 
they correspond to absorption of a red photon in 
the absence of tunneling, that is, when the tunne! 
‘coupling has been effectively switched off by 
exciting the blue dot. The appearance of the extra 
lines (transitions from state |S) to state |6) or [7) 
in Fig. 1B) thus directly demonstrates the shift of 
the red QD levels conditional on the state of the 
bine dot. The original absorption lines of Fig. 3, 
Band, are sil visible (red lines in Fig. 3, Eand. 
F) because the blue dot remains in its ground 
state atleast half of the measurement time, even 
in the presence of a strong resonant blue laser. 


Fig. 3. High-resolution laser ab- 
sorption mapping out the CQD 
levels versus gate voltage. (A) The 
XX; transition depends linearly 
‘on the gate voltage (V,) below 
+140 mi, showing no evidence of 
‘tunnel coupling. (B) Absorption 
of an xpolarized laser reveals 
the s-polarized branch (X°,) of f 
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‘the red neutral exciton. (C) The y= 
polarized branch (X?,), split from 


with a polarized laser. Both res- 
conances anticross with the in- 
direct exciton for Vq ~ 125 mV. 
(0) Schematic energy diagram 
versus gate voltage around the 
anticrossing. The states are la- 


nongy (meV) 


beled according to the diagram 
in Fig. 18. The region relevant 
for the experiment is indicated 
inthe box. (Eand F) Single-laser 
absorption as in (B) and (Q in 
the presence of a second (un- 
detected) blue pump laser, 
Which is kept on resonance with 
‘the X; transition for every gate 
voltage inside the dashed 
region. This reveals the X°, and 
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X°), when the tunnel coupling ea 


has been turned off (blue lines) 


Gate vatage (mv) 


Gate votage (eV) 


‘upon absorption of a blue laser photon, in addition to the original transitions that experience tunnel 
coupling (red lines). Outside the dashed region, the original data from (B) and (C) are shown. 


To illustrate the conditional nature ofthis new 
resonance more cleariy, we present in Fig. 4A the 
absorption of the red probe laser when the blue 
‘pump laser is tuned through the X;, resonance of 
the blue dot (25). Both lasers are y-polarized, and 
the gate voltage is fixed at 130 mY, where the 
effect of the tunnel coupling is substantial. The 
‘two tunne!-split resonances already seen in Fig, 
3C now show up as two horizontal lines (ndi- 
cated by the top and bottom horizontal arrows). 
When the blue laser is resonant with the Xj 
transition (vertical arrow), we again see the 
strong 30-ueV conditional shift of the red 
resonance (solid horizontal arrow) and the 
comesponding strong decrease of the unshified 
absorption (26). 

To verify our interpretation of the experimen- 
tal data, we modeled the system by using a 
density-matrix approach, only taking into ac- 
count the five levels from Fig, 1B that are 
relevant for y-polarized lasers. The energies and 
1ifetimes of these levels were taken from the 
experiment (27), and the absorption was cal- 
culated by solving the master equation in 
Lindblad form in the steady state, as a function 
of red and blue laser detuning (28). The results 
Fig. 4B) reproduce all relevant features of the 
experiment very well. This, in combination with 
the results of a control experiment in which the 
roles of the red and blue dot are reversed (fig. S3, 
B and D), confinns the validity of our model for 
the conditional interaction, 
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Red probe laser (meV) 


Fed probe laser (meV) 


Blue pump laser (meV) 
Fig. 4. Two-laser experiment showing conditional 
interaction in a COD. Gate voltage is fixed at 
1130 mV, with y-polarized red and blue lasers. (A) 
Absorption of red probe laser in the presence of a 
strong (undetected) blue pump laser shows a con- 
ditional shift ofthe red QD transition energy when 
the blue laser is resonant with the X; transition 
(vertical arrow). (B) Calculated absorption for the 
experiment depicted in (A). 
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We have demonstrated a method to realize 
conditional dynamics in a system of two CQDs. 
‘The interaction mechanism relies on the tunne! 
coupling, which can lead to conditional energy 
shifts that are much larger than those provided by 
dipole-dipole interactions. More importantly, this 
tunnel-coupling-mediated interaction can be 
effectively tuned by changing the energy level 
detuning via the gate voltage, and it can be 
optically gated in sub-picosecond time seales by 
creation of an exciton. 
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Subnanometer Motion of Cargoes 
Driven by Thermal Gradients Along 


Carbon Nanotubes 


Amelia Barreiro,* Riccardo Rural 
Laszl6 Forré,* Adrian Bachtold™* 


Eduardo R. Herndndez,** Joel Moser,” Thomas Pichler," 


‘An important issue in nanoelectromechanical systems is developing small electrically driven 
‘motors. We report on an artificial nanofabricated motor in which one short carbon nanotube 
moves relative to another coaxial nanotube. A cargo is attached to an ablated outer wall of a 


‘multiwalled carbon nanotube that can rotate and/or translate along the ir 


ner nanotube. The 


‘motion is actuated by imposing a thermal gradient along the nanotube, which allows for 
subnanometer displacements, as opposed to an electromigration or random walk effect. 


‘community to design and fabricate ever 

more versatile nanoelectromechanical 
systems (NEMS) (/). Because carbon nanotubes 
are very small, mechanically robust, and chem- 
‘cally inert, they have attracted considerable in- 
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terest as NEMS components. In addition, their 
one-dimensional tubular shape offers a natural 
‘ack for motion. This tubular shape restricts the 
‘motion (typically translation or rotation) to only 
1 flew degrees of freedom, much as bearings do 
jn everyday machines. The tubular track has 
been the key component for the fabrication of 
‘nanotube based switches (2), rotors (3, 4), and 
mass conveyors (5-7). 

‘A second generation of nanotube-based 
‘motors has been envisaged that takes advantage 
of the atomic comugation fora new class of tracks 
(8, 9), Because the atoms in a nanotube can be 
arranged in many different configurations, as 
defined by its chirality, such motors are expected 
to be quite versatile. For example, a gold nano: 
particle confined inside a nanotube is expected to 


move along a helical orbit around the nanotube 
axis; this orbit can take different angles and 
periodicities, which are controlled by the nano- 
tube chirality (10, 11). 

‘The motion of two coaxial nanotubes relative 
to one another offers additional possibilities, 
because it combines a pair of chiralites. The track 
is given by the mutual atomic interaction between 
the nanotubes. In some cases, the track follows 
energy minima that can consist of helical orbits 
ranging from pure rotation to pure translation. In 
‘other cases, it comtains local minima and maxima, 
which can be arranged, for example, as a twisted 
chessboant-like pattem (see some examples in 
Fig. 1, D to F) (6). This flexibility of the energy 
surface for motion is expected to provide the 
framework to explore various motion-related 
phenomena at the nanoscale, such as the ratchet 
effect (12, 13), vanishingy small fiction (14), fric- 
tion resonances (15, 16), and thermal gradient 
induced motion (10, 1/). However, nanotube 
motors controled by the atomic corugation 
remain to be experimentally demonstrated. 

‘We report two advances on a nanotube-based 
motor designed so that motion occurs between 
‘wo coaxial nanotubes. First, the atomic interac- 
tion between the nanotubes is shown to generate 
distinct Kinds of motion for different devices: 
namely, rotation and/or translation along the 
nanotube axis. Second, we show that the motion 
is driven by a thermal gradient. More specifically, 
the thermal gradient generates a phononic current 
{in one nanotube that hits and drags the second 
tube. Both findings hold promise for practical use 
{in future NEMS. 
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Devices were constructed by means of stan- 
dard nanofabrication techniques. Multiwalled 
carbon nanotubes (MWNT), synthesized by arc- 
discharge evaporation, were deposited onto an 
oxidized silicon substrate, Electron-beam lithog- 
raphy and Cr/Au evaporation were used to attach 
electrodes to an individual nanotube and to pat- 
tem a plate in the middle of the nanotube that 
plays the role of the cargo. A few outer walls of 
the MWNT were selectively removed via the 
electrical-breakdown technique, which consists 
of passing a large current through the MWNT 
(17-19), The device is completed by suspending 
‘the nanotube and the cargo by means of a wet 
etching step. 

‘This fabrication process created a motor that 
consists of a mobile element, which can move 
along and/or rotate around the axis of the sus 
‘pended nanotube. The mobile metal cargo is at 
tached to atleast one short shell that can slide with 
respect to the other shells (Fig. 1C). The electrical- 
breakdown technique does not remove the sheil(s) 
below the metal cargo, probably because the 
‘metal plate efficiently absorbs the heat generated 
in this portion of the tube, which prevents or at 


least delays the tube oxidation in this part. This 
‘mode of attachment can be inferred, because it is 
possible to move the metal cargo several times 
back and forth by means of an atomic force mi- 
croscope (AFM) (Fig. 1, A and B). In contrast, 
the devices not enginecred with the electrical 
‘realalown technique do not allow for such a 
‘manipulation (20). The cargo stays immotile 
‘ntl itis suddenly detached from the nanotube 
‘when the force applied by the tip becomes too 
large. Further discussion is provided in (2/) and 
elsewhere in the supporting online material 
(SOM. 

‘The motion of the cargo can also be driven 
by passing an electron current through the 
nanotube (Without intervention of an AFM), 
‘The current has to be large (~0.1 mA) to make 
this happen. High currents likely cause 
sufficient dissipation to clean the surface from 
contaminants and help prevent dangling bonds 
from obstructing the motion. Previous ex- 
periments have shown that the presence of 
such contaminants alters the motion in a 
stochastic way (4, 22, 23). In our case, once 
the mobile element is free to move, the motion 
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Fig. 1. Experimental setup. (A and B) Scanning 
electron microscope (SEM) images of one device 
where the central object attached to nanotube in 
has been moved via an AFM tip. Scale bar 
in (A), 300 nm. (C) Schematic of the nanotube 
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motor and its degrees of freedom. The outer (red) nanotube moves with respect to the inner 
{yellow) nanotube. 1, the current. (D to F) Shape of the energy barrier for the relative motion 
between two coaxial nanotubes: (5,5Y(10,10), (29,9/(38,8), and (27,12)/(32,17), respectively. The 
diameters of the inner tubes are 0.67, 2.7, and 2.7 nm, respectively. The white arrows indicate the 
easy axis of motion (). The motion is modulated by a series of small periodic barriers in (D) and 
(F), whereas vanishingly small friction is expected in (E). 


is often observed to be markedly regular and 
to be oriented toward a specific direction. For 
some devices, the cargo rotates around the 
nanotube (Fig. 2); for others, it moves along 
the nanotube axis (Fig. 3). The SOM contains 
a selection of videos (movies $2 to S4) and a 
summary table (table S1) on the motion 
observed for 11 different devices, 

These results can be tnderstood by con- 
sidering the energy barrier for the relative 
motion between two coaxial nanotubes. As 
discussed above, the interaction between 
atoms of the two tubes generates an energy 
surface that restricts the motion along specific 
tracks, which can be transiational and rota 
tional (Fig. 1, D to F). in the general case, the 
easy direction will have both components. 
However, the motion appears most often to he 
purely rotational even if it is not, because a 
small rotation component generates a large 
deflection of the cargo, whereas a small 
translation component does not. 

Occasionally, the cargo moves in a stepwise 
fashion, such as the rotational motion shown 
in Fig. 2. The angle of rotation is markedly 
constant for the different steps [about 7° (Fig. 
2B)], which corresponds to a displacement 
ag = 0.4 nm along the track of the nanotube, 
given that its diameter is 7 nm, Such stepwise 
‘motion suggests that the cargo must overcome a 
series of periodic bamiers (Fig. 2C), The ob- 
served motion is always toward the same direc- 
tion, which differs from the motion of the ratchet 
effect (13, 24) that is often used to describe 
lecular motors, There, the direction of motion 
‘fluctuates in time (a net directed displacement is 
obtained on average). 

The energy of the periodic barriers can be 
estimated by noting that the temperature of the 
nanotube is very high. The high current 
flowing through the nanotube results in a high 
dissipation, which increases the temperature 
(25). The gold cargo, which initially has a 
rectangular shape, is often observed to melt 
and to transform into a ball, as shown in Fig, 3 
(Gee also fig. $3). This result suggests that the 
temperature T approaches the melting temper- 
ature of gold (about 1300 K), We can obtain a 
rough estimate of the barrier height A as 
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5 t Fig. 2. Rotational motion. (A) Top- 

90. A down SEM images where the gold 

ae AE «argo lying on the movable nano- 

} 3 ‘tubeis rotating stepwise. The average 
570 time fora stepwise otationto occuris. 

Say 2.3s(movieS3). The motion isdriven_ 

= by a 0.07-mA current through the 

50 out of equilibrium nanotube, and the voltage is 2.3 V. 
723456 72 3 4 Images are obtained with 10-4eV 

Step Step electrons ata pressure of 10~* mbar. 


Scale bar, 100 nm. The cross- 


sectional schematics below each SEM image represent the rotation ofthe plate (rectangle) around the 
nanotube (ice), the rotation angle with respectto the horizontal. (B) Angle of rotation foreach step. 


Error bars come from the uncertainty in determining in the SEM images. (Q) Schematic ofthe effective eneray barriers along the easy axis of motion. The red ball 


describes the movable nanotube. 
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follows. If we assume that the motion is in the 
hindered regime under the conditions present 
{n our experiments, and if we neglect entropic 
contributions caused by the atomic motion 
(26), we have 


2 othr 
n 


q 


with motion nite P and attempt frequency 
where & is Boltzmann's constant. The precise 
values of I and « are not important, because 
they appear as logarithmic terms in AE. Taking 


ie 
‘with the mass m of the cargo, and using the 
result that the barrier height is proportional to 
the contact area (8), we obtain a barrier height 
of ~17 weV per atom. 

We now analyze the observed stepwise mo- 
tion described above in light of the interaction 
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00K T~1300K 300K 
Fig. 3. Translational motion. (A to D) Top-down 
SEM images where the gold cargo (sphere) is 
‘moving along the nanotube. The direction of 
‘motion remains the same as the polarity of the 
current (red arrow) is reversed, which rules out an 
electromigration effect as the actuation mecha- 
nism. In (A) and (8), the currents 0.11 mA 3.1 V), 
whereas in (C) and (0), it is ~0.13 mA (-3.6 V). 
Scale bar in (A), 400 nm. (E) Schematic illustration 
of the temperature along the nanotube caused by 
Joule heating. The motion of the cargo is driven 
from the hot spot to the cold region and 
‘unaffected by the inversion of the current polarity. 


T= 1 He, using the approximation 


Fig. 4. Molecular dynamics simu- 
lations describing the thermal 
gradient actuation. (A) Snapshots 
of the device that show the motion 
of the outer (fed) nanotube toward 
‘the cold end. The temperature gra- 
dient along the inner (yellow) nano- 
‘ube is 7 Kinm, which i imposed by 4. 
keeping the cold end at 300 K and 

‘the hot end at 1000 K. The snap- 


between two coaxial nanotubes. As discussed 
previously, the direction of motion follows a 
‘main valley of minimum energy. Along this val- 
ley, the energy can be either roughly constant or 
periodically modulated by a series of barriers 
(Fig. 1, Dio F) (8). Inthe former case, the friction 
is expected to be vanishingly small when 
neglecting the vibrational motion of the atoms, 
‘whereas in the latter case, the motion can be 
stepwise. For example, as for the (27.12) and the 
(62,17) nanotubes shown in Fig. IF, a series of 
local minima appears along the valley at regular 
intervals of 0.26 nm, separated by a barrier height 
of 3 weV per atom. The stepwise motion ob- 
served in Fig. 2 is attributed to such a periodic 
‘modulation of the energy along the easy direction 
of motion. Note that the actual values of the sep- 
aration and the barrier height are chirality- and 
diameter-dependent. In addition, the effective 
‘barrier that we obtain from our experiments con- 
tains an entropic contribution from the vibration 
al motion ofthe atoms, which isnot considered in. 
this simple mode! 

Let us now discuss the underiying mecha- 
nism of the actuation At first glance, it may be 
natural to atribute the diving force to the cectical 
‘current, as in electromigration, where electrons 
‘move atomic impurities through collisions and 
‘momentum transfer. However, upon reversing the 
direction of the current, the cargo continues 10 
displace in the same direction as before (Fig.3 and 
movie Sf). This finding niles out an cleciro- 
‘migration effect as the source of the observed dy- 
‘namics. We emphasize that the rotational motion 
is neither the result of the magnetic field induced 
by the current passing through the nanotube— 
‘because the rotation can be right-handed or left- 
Ihanded, depending on the device (2/)—nor the 
result of a stray electric field effect, because the 
‘metal plate stays immobile for high resistive de- 
vices even iffa high voltage is applied (21). 

We atwibute the driving mechanism to the 
large thermal gradient along the nanotube. As 
previously discussed, the gold cargo is often ob- 
served to melt, which is indicative of a very high 
temperature. Nevertheless, the nanotube does not 
hheat up homogeneously, because the heat is 
‘evacuated through the electrodes (Fig. 3E). The 
hhottest spot of the device is at (or near) the 
midpoint of the suspended nanotube, whereas 
‘the temperature atthe interface with the electrodes 
is expected to be near room temperature, as was 
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recently measured by Begtrup ef al. (27, 28). 
Assuming that the temperature varies between 
1300 and 300 K along the nanotube, the thermal 
gradient is as high as 1 K/nm, given the typical 
dimensions of our devices, 

In the presence of a thermal gradient along the 
nanotube, there will be a net current of phononic 
excitations traveling from the hot spot toward the 
cooler regions: that is, fiom the midpoint of the 
suspended nanotube toward the electrodes, These 
phononic excitations will interact with and trans- 
fer momentum to the mobile element, and as a 
consequence, the cargo will move toward the 
closest electrode (29), Notice that the shape of the 
thermal gradient is independent of the direction of 
the electron current, which explains why the cargo 
does not change direction upon reversing. the 
electron polarity 

‘This process can be regarded as the reverse of 
the heat dissipation that occurs in friction: When 
two objects stide in contact, some of the kinetic 
energy is dissipated as phononic excitations caused 
by the interface comigation, In our experimental 
setting, in contrast, we induce a net current of 
phononic excitations that collides with the mobile 
clement. In this scatering process, some of the 
vibrational energy is transformed into Kinetic 
energy of the mobile element, 

In onder to substantiate our claim that the 
thermal gradient is indeed the driving mecha- 
nism, we have performed molecular dynamics 
simulations (Fig. 4A), We take the inner nano- 
tube to be long and subject to a temperature 
gradient (typically a few kelvin degrees per nano- 
meter), whereas the outer nanotube is short 
(eppically $ nm) and plays the role of the mobile 
element. Following the methodology of Saito 
et al. (8), we model the imer-nanotube atomic 
{interactions by means of a simple Lennard-Jones 
pair potential and the intra-nanotube interactions 
bby means ofthe Tersoff potential for carbon (30) 
(Care is taken so that, initially, the outer nanotube 
has no net center-of-mass velocity, in onder to 
avoid any bias in its dynamics, Full details of our 
mulations are provided in (2/). In all our calcu- 
lations, considering different combinations of 
inner-outer nanotubes and different diameters, 
we invariably find a net displacement toward the 
cold region. In addition, the simulations show 
that, depending on the nanotube patr, the motion 
can be transation, rotation, or « mixture of both 
Gig. 4, Band ©), 
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shots are separated by 20 ps, the chiraities are (26,0)/(17,0), and the outer nanotube is S nm long. (B and C) Translational and rotational components of the 
‘motion as a function of time for two pairs of chiralities: (17,20(8,2) in red and (26,0V(17,0) in black. The temperature gradient is 1 Kinm. 
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‘The motion in these simulations can be 
markedly fast, up to about 10° ums. By com- 
parison, the velocity of kinesin propelled micro- 
tubules is typically about 1 ums, whereas actin 
mobility can reach speeds up to 10 yumvs (31). 

However, the velocity that we observe experi- 
mentally is only up to about 1 m/s (21). The 
large difference in velocity between the exper 
iments and simulations is attributed to the 
difference in the system dimensions. Considering 
that the mumber of atoms of the outer nanotube 
used in the experiments is about 100 times as large 
as the mumber of atoms of the nanotube used in 
the simulations, and taking Eq. 1 with typical 
values forthe temperature and the barier height 
(for example, 1300 K and 17 ueV per atom), we 
obtain a factor of about eight orders of magnitude 
difference for the velocity, which is consistent 
with the mismatch between the experiments and 
simulations. Because our calculation capabilities 
donot allow speeds down to I um/sto be reached, 
a direct comparison of the experiments and 
simulations cannot be made 

Although the temperature in our experiments 
ray appear to be high, it should be possible to 
reduce it, which would be convenient for certain 
applications. To achieve this goal, researchers 
‘must make the dimensions of the movable nano- 
tube narrower and shorter in order to reduce the 
barrier height. Another possible solution would be 
to selectively excite specific phonon modes, so 
thatthe average temperature of the phonon bath is 
lower. Indeed, not all of the phonon modes are 
expected to interact in the same way with the 
‘movable nanotube, and some are likey to be more 
effective in transfering momentum, such as the 
‘breathing modes. 

‘The actuation by means of thermal gradients 
hhas obvious potential for NEMS applications. 
‘Thermal gradients could be used to drive the flow 
of fluids inside nanotubes or in nanofluidie de- 
vices or used for drug delivery by nanosyringes. 
‘The thermal gradient actuation may also be ap- 
plied to bioengineered nanopores via, for exam- 
ple, the heat generated fom the hydrolysis of 
adenosine triphosphate molecules. Using methods 
to align nanotubes on substrates, researchers 
should be able to fabricate arays of orientation- 
ally ordered nanotube-based thermal motors. 
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Fracture Propagation to the Base of 
the Greenland Ice Sheet During 
Supraglacial Lake Drainage 


Sarah B. 
Dan Lizarralde,* Maya P. Bhatia® 


‘Surface meltwater that reaches the base of an ice sheet creates a mechanism for the raj 


Das,2* lan Joughin? Mark D. Behn,? lan M. Howat? Matt A. King,* 


response of ice flow to climate change. The process whereby such a pathway is created through 
thick, cold ice has not, however, been previously observed. We describe the rapid (<2 hours) 
drainage of a large supraglacial lake down 980 meters through to the bed of the Greenland Ice 
Sheet initiated by water-driven fracture propagation evolving into moulin flow. Drainage 


‘coincided with i 


reased seismicity, transient acceleration, ice-sheet uplift, and horizontal 


displacement. Subsidence and deceleration occurred over the subsequent 24 hours. The 
short-lived dynamic response suggests that an efficient drainage system dispersed the meltwater 
subglacially. The integrated effect of multiple Lake drainages could explain the observed net 


regional summer ice speedup. 


the Greenland Ice Sheet flows ourward 

from its interior trough a combination of 

‘internal deformation and basal sliding, 
losing mass around its edges through meltwater 
rimoff and iceberg calving. Recent observations 
‘show that ice flow along the westem margin ac- 
ccelerates during the summer when surface meit- 
‘water lubricates sliding atthe ice-bedrock interface 
(2, 2, Aside from theoretical predictions (3-5) 
and observations on small icecaps (6), it has not 
‘been established how surface meltwater penetrates 
through thick, subfieezing ice (7, 8). Ice-sheet 


‘mode's used to predict furure sea level rise typical- 
ly do not include the impact of surface meltwater 
‘on ice dynamics. Attempts to include the effects of 
enhanced basal lubrication within these modes 
suggest that increased meltwater may substantially 
accelerate ice-sheet mass loss, but confidence in 
these results is limited by a poor understanding of 
ice-sheet hydrology (9). Key unknowns in deter- 
‘mining Greenland’s potential response to climate 
forcing are the time scales and pathways through 
‘hich meltwater reaches the ice sheets base and its 
consequent effect on basal motion (10) 
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For surface meltwater to reach the ice-sheet 
bed, a through-ice conduit is required. Theoret- 
‘cal models of fracture propagation through ice 
suggest that once initiated, water-filled crevasses 
‘will propagate rapidly downward through the 
full ice thickness to the bed (3-5). In such models, 
the rate of crack propagation is limited only by 
the meltwater supply needed to keep the crack 
fall (3, 4), Supraglacial lakes (1/—13) can provide 
the lange volumes of water required to propagate 
fractures to the bed (7); thus, these lakes are likely 
critical for establishing a through-ice conduit 
(moulin), Furthermore, moulins that form in lake 
basins lie near the confiuence of meltwater streams 
and will continue to be supplied with surface meit- 
‘water after the lake drains, routing water tothe bed 
and delaying closure while sufficient meitwater 
prouction continues throughout the sumner. 

To investigate lake drainage and the ensuing 
ice-sheet response, we established study sites at 
tho large (-2-krn diameter) lakes on the ice she’s 
‘westem margin at locations with thick (980 m) 
(14, subfreezing ice (15). During July 2006, our 
northemmost study lake (68,72°N, ~49,50°W) 
drained rapidly n an event captured by local Giobal 
Positioning System (GPS), seismic, and water- 
level sensors (Fig. 1)(/6)-A similar, although less 
well documented, drainage event occured at this 
Jake again in 2007 (Bg. SI). 

The lake began filling in early July 2006, 
reaching its maximum extent around 00:00 
(UTC) on 29 July 2006, with a surface area of 
5.6 kan? and a volume of 0.044 + 0.01 kan’ (76) 
‘The lake leve! then beganto fall slowiy and stead- 
dly at 1.$ cavhour. At~16:00 UTC the same day, 
the lake leve! began dropping rapidly, reaching a 
‘maximum drop rate of 12 m/hour between 16:40 
and 17:00 (Fig. 2), Extrapolation of the depth- 
logger data (Fig, 2) indicates that the entire lake 
drained in ~1.4 hours. The average drainage rate 
(8700 m°/s) during this rapid-drainage phase ex- 
ceeded the average flow rate over Niagara Falls. 

Local vertical and horizontal movernent of 
the ice sheet occurred coincident with the lake 
drainage. A GPS station located ~0.5 km north 
of the lake (Fig. 1) recorded both rapid uplift 
(1.2m) and nominwand horizontal motion (0,8 m), 
with the maximum surface displacement oc- 
curing between 17:15 and 17:30 UTC (Fig. 2). 
This northward motion was substantially faster 
and orthogonal fo the mean westerly velocity of 
93 miyear. The following 24-hour period was 
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‘characterized by gradual subsidence and retum to 
the mean westeriy motion accompanied by a 
transient speedup in the downflow direction. In 
total, the event resulted in a net westerly surface 
displacement of 0.5 m in excess of the average 
daly displacement of 0.25 m (Fig. 2C and fig. S2.) 

‘A seismometer located ~0.7 lan north of the 
lake (Fig. 1) recorded elevated activity beginning 
‘around 15:30 UTC, ~30 min before the period of 
rapid lake drainage. The maximum amplitude in 
seismic energy occurred between 16:45 and 18:00 
‘UTC, during and sightly after the period of rapid 
lake drainage (fig. S3). 

Site visits provided observations of predrain- 
‘age Guly 2006) and postdrainage (uly 2007) 
surface features. We found several hm-scale frac- 
tures running through the lake basin in 2007. 
‘Many were closed at depth (water filed) and no 
longer draining. Two large moulins were found 
along the fractures, actively draining the area in 
2007 (Fig. 1). A dominant topographic feature in 
2007 was an uplified section of the ice sheet 
roughly centered over the lake bottom, forming a 
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{lat-topped block of ice ~6 m high and 750 m 
wide (Fig. 1). This block likely was uplified as 
‘water was rapidly injected to the base of the ice 
sheet near the lake's center during the 2006 drain- 
age event (76), The block’s southern edge lay 
along a~3.2-km fracture visible from the air and 
in synthetic aperture dar (SAR) imagery span- 
ning the lake basin's full width; the northern edge 
lay along a similarly visible fracture (Fig. 1). 

The observed fractures and rapid drainage, 
synchronous with uplift and horizontal accelera- 
tion, are strong evidence that water-driven frac- 
‘ure propagation likely established a hydrological 
‘connection to the bed. These observations suggest 
that hydrologic comnectivity occurs in four stages: 
slow initial drainage; connection to the bed and 
rapid lake drainage through an extensive fracture 
system; moulin formation and closure of fractures; 
and subsequent moulin-routed drainage of daily 
surface meltwater to the ice-sheet be. 

‘The 16+hour initial drainage stage was char 
acterized by a slow, steady drop in lake level, el- 
evated seismicity in the 30 min before rapid 
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Fig. 1. Early October 2006 SAR image (gray-scale background) overlaid with a semi-transparent image 
recorded by NASA's Moderate Resolution Imaging Spectroradiometer (MODIS) showing the lake extent 
(blue) on 29 July 2006. Red stars show the water-pressure logger locations and blue circles show the 
GPSiseismometer locations. Block uplift (lower-left inset) is revealed by 2006 to 2007 elevation 
differences (colored swath) recorded by NASA's Airborne Topographic Mapper (ATM) in May of both 
years. A large fracture is visible in the SAR image as a long, bright linear feature with ends marked by 
{green arrows. Solid blue diamonds indicate locations where sonar and ATM measurements found large 
“holes” in the lake bed before drainage in 2006. The upper-right inset shows 2 1.8-m-tall person 
standing above a similar hole (open blue diamond) located after the 2007 lake drainage. 
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drainage (fig, S3), and little or no acceleration 
or uplift at the GPS site (Fig. 2). This initial 
phase may have coincided with water-filled frac- 
ture propagation beneath the lake through the 
Kilometer thick ice. The main crack’s 324m 
length (Fig. 1) could have stored a volume of 
‘water corresponding to the initia! lake-level drop, 
assuming a 0.5-m-wide average opening. Altema- 
tively, the predinage may have started a the lake 
began spilling over a low drainage divide where 
the main ffacture intersects the westem shoreline, 
filling an existing dry crack atthe lake edge so that 
{thydro-fractured info and through the ice beneath 
‘the lake. Surface strain rates fom sutllite derived- 
velocities (/) are tensile (ey — 0.008 year; x 
directed along flow) along this westem shoreline, 
favoring crevasse formation, whereas stain rates 
near the lake's center are compressive (Eq = 
0.004 year), At neighboring lakes, we 
observed similar situations in which lakes spilled 
over into shoreline emcks, creating moulins 
Where the facturing ran adjacent to rather than 
through the lake basin, drainage occured over 
weeks as overfiow melted and deepened the 
spillover channel leading to the moulin. For 
either hypothesis, the low seismicity, ack of up- 
lift and acceleration, and the slow drainage rate 
suggest that litle or no water reached the bed of 
the ice sheet during this fist stage. 

The second stage began when the fractures 
breached the fill ice thickness, establishing a 
direct connection to the basal hydrological sys- 
tem. Rapid lake drainage (1.4 hours) was accom- 
‘panied by an increase in seismic energy (fig. S3) 
and synchronous surface displacement of the ad- 
jacent shoreline up (1.2m) and away (0.8 m) from 
the lake center (Fig. 2). The short duration be- 
tween the drop in lake level and shore-based sur- 
face motion indicates rpid and direct transport of 
Water to the bed. Uplift at the center of the lake 
‘was likely larger than the 1.2 m observed nearby 
on shore, and probably coincided with uplift of 
the large block at the lake’s center. The syncho- 
nous uplift indicates a nearly vertical path to the 
bed, as well as the formation of a trmsient sub- 
slacial Inke that displaced the overiying ice. The 
high drainage rate and the presence of rafted ice 
blocks observed along lake-bed factures suggest 
that drainage occurred along most ofthe fractures” 
length. The turbulent water flow during the rapid 
discharge would have melted the fracture walls 
through fictional heating, concentrating flow 
paths and leading to the development of larzer- 
ameter openings at points where inflow was 
greatest (6). 

We hypothesize that during the thint stage, 
which lasted a few days affer the rapid lake 
drainage, most of the fractures closed at depth 
and discrete moulins formed. The surface water 
flow (-24 m’/s) previously filling the lake 
provided inflow into the areas still connected to 
the bed. Melt widening at locations where inflow 
was greatest (e.g, at the ends of surface streams), 
competing with the tendency of overbunten pres 
sure to close the no-longer water-filled fractures, 


probably produced and maintained a few 
discrete moulins that remained open throughout 
the remainder of the meit season (fourth stage), 
similar to those we observed after drainage in 
2007 (Fig. 1). 

‘Also during the third stage, the transient 
subglacial lake drained over a ~24-hour period, 
‘as suggested by the GPS-measured vertical 
subsidence and horizontal southward motion 
2 and fig. S2). The relatively rapid sub- 
Blacial lake drainage suggests the presence of an 
ice fracturing likely occured during this stage as 
‘wel, possibly explaining the elevated seismic en- 
‘ergy in the I-hour period immediately following, 
the lake drainage (fig. 3). 

‘Throughout the meit season, the onshore GPS 
recorded fluctuations in ice-sheet velocity of 50 
to 100% that comeiate well with calculations of 
daily melt intensity and regional ice-sheet flow 
(J), Other than the ~24-hour period following 
the drainage (Fig. 2 and fig. $2), the character of 
the pre-and postdrainage speed fluctuations did 
not differ appreciably (1). Thus, the opening of 
‘new moulin draining a large daily melt volume 
(24 m’/s) had little apparent lasting effect on 
the local ice-sheet velocity. Instead, we hypoth- 
‘esize that this event contributed to the collective 
formation of a network of regionally distributed 
rmoulins supplying meltwater to the bed that mod- 
ulated ice flow both before and afier the drainage 
‘event. Such modulation implies the presence of a 
well-connected subglacial drainage system capa- 


and dispersing it uniformly beneath the ice sheet. 
‘This creates what appears to be partial ice-bed de- 
coupling associated with a distributed subglacial 
hydrological system. These indirect observations 
highlight how much remains to be leamed about 
the subglacial environment beneath the Greenland 
Ice Sheet 

(Our lake drainage observations provide ev- 
fidence for a fracture-driven process opening a 
Lam-deep through-ice conduit and injecting a 
large volume of surface meltwater directly be- 
neath the ice sheet. Although fracturing extab- 
lished the initial connection, additional melting 
from energy dissipation during the turbulent flow 
of water in ts 14am descent likey played a role in 
‘widening and maintaining discrete moulins that 
stayed open throughout the remainder of the melt 
season. Thousands of lakes are formed on the ice 
sheet’s surface throughout the ablation season, 
and although we have detailed observations from 
only a single lake, we do not believe the lake 
drainage we observed was an isolated of unique 
event. Other Greenland supraglacial lakes have 
previously been observed to disappear from the 
surface in 1 day (12). During ground and aerial 
surveys in 2006 and 2007, we investigated more 
than 10 surrounding lake basins near our study site 
and detected mumerous streams draining into 
‘moulins across the ice sheet’s surface. These sys- 
tems were observed both where lakes had drained 
completely and also where lakes cut overflow 
channe’s that later drained into nearby fractures 
and moulins. In addition, all of the postdrainage 
Jake basins that we observed had fractures nunning 
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Fig. 2. Data from the 2006 lake drainage event. (A) Relative elevation (z.,) and rate of elevation 
‘change (left axis black and red fines respectively) are derived from the on-shore GPS elevations 
‘smoothed to S-min temporal resolution. Lake level as recorded by water-pressure loggers (right axis: 
blue and magenta stars connected with a gray line) and referenced to the lake level just before 
drainage. A linear fit to the last two lakelevel measurements when the depth loggers remained 
submerged suggests that the lake drained completely by ~17:30 UTC (dashed gray line) (B) North (red) 
‘and east (blue) velocity components at the GPS station smoothed to 10-min temporal resolution. (C) 


Relative position of the GPS station during the 5 


days immediately before, during, and after the 


drainage event showing the rapid translation of the surface as it floats up and away from the lake 
center, and subsequently returns. The color-bar indicates the hour of day, and the bold black arrows 


delineate each day's net motion. 
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across their surface, supporting the fracture-based 
‘mechanism for rapid drainage that we have de- 
scribed for our study lake. 

‘Thus, we have shown that water-driven frac- 
ture enabled by the large volume of water stored 
in supragiacial lakes provides a means by which 
hydrologic surface-to-bed connections are estab- 
lished through thick ice. Climate warming would 
lead to earlier and expanded surface lake for- 
‘mation and, as a result, connections to the bed 
‘may occur earlier in the melt season and over a 
larger area, although further work is needed to 
constrain the limits of this area. This would in- 
crease the annual subglacial throughput of meit- 
‘water and may substantially impact Greenland Ice 
Sheet dynamics (2). 
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Seasonal Speedup Along the Western 
Flank of the Greenland Ice Sheet 


fan Joughin,”* Sarah B. Das,? Matt A. King,? Ben E. Smith,” lan M. Howat,"} Twila Moon” 


{thas been widely hypothesized that a warmer climate in Greenland would increase the volume of 
lubricating surface meltwater reaching the ie-bedrock interface, accelerating ice flow and increasing 
‘mass loss. We have assembled a data set that provides a synoptic-scale view, spanning ice-sheet to 
outlet-glacier flow, wth which to evaluate this hypothesis. On the ice sheet, these data reveal summer 
speedups (50 to 100%) consistent with, but somewhat larger than, earlier observations. The relative 
speedup of outlet glaciers, however, is far smaller (<15%). Furthermore, the dominant seasonal influence 
(on Jakobshavn Isbrae's flowis the calving front’s annual advance and retreat. With other effects producing 
coutlet-glacier speedups an order of magnitude larger, seasonal mett’s influence on ice flow is likely 
confined to thse regions dominated by ice-sheet flow. 


long its western margin, the Greenland 
A= Sheet melts at rates that can ex- 
ceed 2.5 miyear (I) as ice flows seawand 

at speeds of roughly 100 m/year. Embedded 
within the ice sheet are faster-flowing (200 to 
12,000 m/year) outlet that discharge ice 
directly to the ocean. When the combined loss 
from meit and ice discharge, which now act in 
roughly equal proportions, removes more ice 
than is replaced by annual snowfall, the excess 
{ce lost to the ocean contributes to sea-level rise. 
Glacial motion results from a combination of 
{intemal deformation of ice under its own weight, 
iding at the ice-bed interface, and deformation 
of underlying sediments. Basal siding over a well- 
lubricated bed is often the source of fast (eg. 
>100 m/year) ice motion (2). Seasonal fhictuation 
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in the drainage of rainfall and surface meltwater 
to the bed modulates the siding speed of many 
alpine glaciers (3-5). Greenland’s large coastal 
ett rates have prompted widespread speculation 
both in the popular media (6) and in the scientific 
erature (7, 8) that a warmer climate will in- 
‘crease meiting, which in tum will enhance basal 
lubrication and hasten ice-sheet retreat. Poor 
mnowledge of this process is one of the limita- 
tions om prediction of future ice-sheet contribu- 
tions to sea-level rise that was noted by the 
Intergovernmental Pane! on Climate Change (9). 
‘The few stucies of seasonal speedup in Green- 
land ame equivocal about the importance of this 
lubrication effect. An early study of westem Green- 
land’ largest oulet glacier, Jakobshavn Isbrae, 
found no measurable seasonal speedup (10). One 
‘outlet glacier in northem Greenland, however, did 
‘undergo a shorttenm speedup, apparently in 
response to the dminage of a supragiacal lake 
(CD. On the slow-moving ioe sheet at Swiss Camp 
(Fig. 1, located just north of Jakobshavn Isbrae, a 
time series of Giobal Positioning System (GPS) 
observations showed seasonal speedups of Sto 28% 
that coneiated well with summer me rates (7) 
‘To better determine the influence of surface 
‘melting on ice-sheet flow, we have assembled a 


comprehensive set of interferometric synthetic 
aperture radar (InSAR) and GPS observations 
(22). These data include 71 (September 2004 to 
August 2007) InSAR velocity maps along two 
partially overlapping RADARSAT tracks that 
{include Jakobshavn Isbree, several smaller marine- 
terminating outet glaciers, and a several-hundred- 
Kilometer-long stretch of the surrounding ice 
sheet. We also collected GPS observations from 
uly 2006 to July 2007 at sites near two supra- 
glacial lakes (Fig. 1) south of Jakobshavn Isbrac. 
Figure 1 shows the August 2006 speedup 
measured with InSAR speckle tracking, Although 
there are coverage gaps, the data show a relatively 
uniform speedup extending over the bare-ice zone. 
To simplify the analysis, we used a 150-m'year 
threshold to partition the area into slower moving 
“‘ce-sheet” and faster moving “outle-glacier” re- 
sons. Under this rough classification, the ie sheet 
sped up by 36 mv/year (48%) above its 76-m/year 
‘mean speed, demonstrating increases over a broad 
area that are substantally larger than measured 
eater at Swiss Camp (28%) (7). On the outlet 
acier, the S1-m/year speedup was larger, but this 
was only 86% faster tha the $94-m/year mean. 
Although the InSAR coverage (not shown) is less 
complete, mid-July 2006 speedups were 71 (97%) 
and 77 m/year (14%) for the ice-sheet and outlet- 
glacier regions, respectively. Similar speedups 
ccaured in summer 2007 (eg, fg. SI). 
Although RADARSAT provides good spatial 
coverage, its temporal resolution (24 days) is lim- 
iting. Two day temporal resolution is available with 
GPS observations Fig. 2) fiom two locations (North 
Lake and South Lake, Fig. 1), These data reveal 
periods of generally higher speeds (~50%) during 
‘wo melt seasons, punctuated by several additional 
short-term speedups (~1002%), The minimum veloc- 
‘ty occurs with the late-summer cessation of mel, 
and speed then siowiy increases through the winter 
before the late spring large melt induced speedup, 
‘The GPS sites at both lakes show similar short 
and long-term variation in speed, consistent with 


wwnwsciencemag.org SCIENCE VOL 320 9 MAY 2008 


781 


| REPORTS 


782 


the spatial uniformity visible at longer time scales 
Gig. 1). A notable exception is the local speedup 
‘on day 210 at the North Lake site (Fig. 2), which 
coincides with this lake's rapid drainage tothe bed 
(23), Another local speedup occured. when a 
moulin, a surface-to-bed conduit, likely opened 
along the South Lake's overflow channel and 
‘began draining on day 217, Other than these local 
lake drainage events, the velocity peaks coincide 
well with high-melt periods infeed from 
positive-degree-days recorded at each site. 

We also examined InSAR-measured speed at 
10 locations (Fig. 1) on eight marine terminating 
outlet glaciers (Fig, 3), which cover a range of 
flow speeds. We selected these points to sample 
the full range of variability for fast lowing 1e- 
gions (e., areas both near and far from the 
calving front), Eight of these locations showed 
coincident speedups of 40 to 200 m/year during 
the 2006 and 2007 melt seasons. Speed at lo- 
cations 6 and 8, which were near their respective 
calving fromts, fhictuated erratically without a dis- 
tinct seasonal pattem. Speed was considerably 
‘more regular at location 9, several kin upstream 
oon the same glacier as location 8, suggesting the 
anomalous behavior seen at locations 6 and 8 was 
driven by the dynamics near the calving front. 

Figure 3A does not include the region of 
Jakobshavn Isbrae flowing faster than 1500 m'year, 
Which continues to evolve following its speedup 
thot began in 1998 (J+, 15). To evaluate seasonal 
variation in speed on this glacie’s fast moving re- 
sion, we have removed a linear trend with time at 
three locations designated A through C (Fig. 1). At 
location A, 4 to 10 kan behind the seasonally vary- 
ing calving fron, the speed varies by +1000 m’year 
from its 8500-m/year mean (Fig. 3B). Farther up- 
stream (location B), the annual variation diminishes 
to roughly +400 m/year (around a $200-m’year 
‘mean). The seasonal variation at these two sites is 
distinctly different trom the meltrelated speedup 
-visble elsewhere (Fig, 3A). Instead, peak speeds 
cour near the melt season's end, afier seasonal 
speedups on other glaciers have endad. In addition, 
‘the main trunk’s elevated speeds persist past the end 
of the meit season, taking several months to reach 
their mid-winter lows. This variation appears 
negatively comelated with the calving ffont’s 
position, which fhictuated anmually by ~6 kim from 
2004 to 2007 (Fig, 3B). Atlocation C, the variation 
(200 miyear) is an apparent mixture of meit- and 
{ce-ffont-driven effects. 

‘The InSAR data indicate that seasonal speedup 
{s widespread across much of the bare-fce zone. 
‘When averaged over 24 days the speedup isspatal- 
|yuniformtoa notable degree, particulary given the 
expected variation in meit intensity with elevation. 
‘This spatial uniformity is consistent with motion over 
a welldistibuted drainage network rather than a 
network of sparsely distributed large tunnels (4, 16) 

On Jakobshavn Ishme's fastest moving parts 
(4000 m’year), the seasonal speedup is in phase 
‘with changes in the ice-ftont positon rather than 
surface meltwater. This region accelerates through 
spring and summer likely in response to decline in 


back stress as the calving front retests fe, (17)] 
(Conversely, minimum speeds occur asthe ioe front 
extends to form a short floating ioe tongue each 
‘winter This apparent back-strss modulation of 
speed is consistent with the initial specdup in 
~2000, which was about a factor of 3 larger than the 
current anus! variation and coincided with the 
csintegration of a much larger section of the ioe 
tongue (14, 17). The current large seasonal variation 
also is consistent with earlier observations of ite or 
no seasonal variation (J0, 15) when the ice front 
position was rmuch less variable (18). 

Although our observations indicate substan- 
tial (250%) ice-sheet speedup, the melt induced 
speedup averaged over a mix of several tidewater 
outlet glaciers is relatively small (<10 to 15%). 
‘When fictoring in the short meit season duration, 
the total additional annual displacement attribut- 
able to surface meltwater amounts to a few 
percent on glaciers moving at several hundred 
‘meters per year. Although conditions might yield 
a greater sensitivity to melt for some glaciers 
‘outside our study area, the limited seasonal ob- 


Fig. 1. The August 2006 speedup 
(Color) relative to the September 
2004 to December 2006 mean speed 
displayed over SAR imagery (gray 
scale). Speeds are determined using 
‘overlapping tracks that span to 
24-day intervals centered on 5 and 
113 August. Mean annual speed is 
shown with blue, 50-myear (50 
to 150 meat), and magenta, 
200-miyear (200 to 1000 miyear) 
‘contours. Contours for speeds greater 
than 1000 mjyear are omitted. 
CColored/numbered symbols indicate 
the locations referenced in Fig. 3. 
We situated our GPS receivers next 
to two supraglacial Lakes at the lo- 
‘ations indicated with white circles. 
The colors within these circles cor- 
respond tothe values from the GPS 
‘observations to allow comparison 
with the surrounding InSAR speedup 
values for the same period. Surface 
elevation is contoured at 250-m 
intervals (black). 


servations elsewhere in Greenland suggest a low 
sensitivity to summer meit similar to that which 
wwe observe (/9-2/), Because of this low sensi- 
tivity, it is unlikely that recent outlet-glacier 
speedups (14, 19-21) were directly caused by 
increased surface meltwater lubrication during 
recent warmer summers. Instead, these large 
speedups were likely driven by processes that 
caused ice-ffont retreat and reduced back-stress 
(17, 19, 20, 22), such as declining sea-ice extent 
near calving fronts (J6), The recent period of 
‘warmer summers (23) might also enhance ice- 
front retreat through increased hydro-fracturing 
in water-filled crevasses near the calving front 
(28), which represents a process whereby surface 
‘meltwater influences glacial flow through means 
other than directly enhancing basal lubrication. 
‘Smoother beds beneath outlet glaciers, caused 
by strong erosion, should yield less sensitivity to 
‘water pressure variation (3), which may explain 
some of the insensitivity of outlet-giacier flow to 
surfsce meltwater Additionally, basal shear-heating 
under the outlet glaciers protuces a steady source of 
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‘meltwater that could maintain water filled cavities 
‘year-round. In contrast, the water-filled cavities 
lunder the ice sheet may drain and collapse over the 
‘winter, resulting ina more pronounced speedup 
‘once spring melt reaches the bad fez, (24) 
‘Another contributor may be that the outlet saciers 
ae nammow and deep so that their lateral margins 
have comparable area to their beds. With this 
geometry, the lateral resistive stresses should be 
comparible to or even greater than the basal 
resistive stesses, potentially making outlet glaciers 
less sensitive to variations in basa lubrication. 
Surface meitwater-enhanced basal lubrication 
has been invoked previously as a feedback that 
79106 
300 


sens 82805 


‘would hasten the Greeniand Ice Sheet's demise in 
‘a wanning climate (6-8). Our results show that 
several fast flowing outlet glaciers, including 
Jakobshavn Isbrae, are relatively insensitive 10 
this process. Previously reported acceleration and 
‘near doubling of speed of many out gaciers from 
other effets such as bock-stress reduction are more 
than an onder of magninude greater (24, 19-2/) than 
the observed meitinduced acceleration. South of 
Jakobshavn, however, the ice sheet’s westem flank 
{s comparatively free of outlet glaciers, and ice loss 
{s lagely due to met Numerical models appro- 
priate to this type of sheet low and that include a 
Parameterization of surfice meitwater-induced 
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Fig. 2. Speed from GPS stations located south of Jakobshavn Isbrae (Fig. 1). At the North Lake, we 
installed one summer continuous (15-5 sample rate) GPS receiver (NS) and one annual (operating 12 
hhoursweek) GPS receiver (NA). The South Lake had one annual (SA) and two summer (SS1 and $52) 
receivers, In summer 2007, NS and $52 did not resume logging and SA lost power for 3 months. The 
summer-station data have been smoothed to 2-day resolution, and the year-round estimates are based on 
Weekly positions. Positive-degree-day (PDD) values are included for both sites in 2006 and for the South 
Lake in 2007. Gray shading indicates when the North Lake drained in 2006 (13). 


Fig. 3. (A) InsARdetermined 
speed from September 2004 
‘through August 2007 at 10 
‘utlet-glacier locations. The 
gray shading indicates the 
‘months of June, July, and 
August (JAD. (B) Detrended 
(12) speeds (squares at three 
locations (A, 8, and © on 
Jakobshavn Isbrae and rela- 
‘tive ice-front position (trian- 
les. Figure 1 shows sampled 
locations with correspond- 
ing colored and numbered? 
lettered symbols. 
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speedup predict 10 to 25% more ioe loss in the 
2istcentury than mode's without this feedback (8) 
Thus, surface meitwaterinduced speedup may 
{influence large regions of the ice sheet in a 
‘waning climate. Although our data provide the 
‘most comprehensive observations to date, more 
dota are needed to quantify the relative importance 
of me'- and calving-front—induced changes in ice 
flow in controlling near-future ice-sheet mass 
balance. Our results thus far suggest that surface 
‘mettwater-enhanced lubrication likely will have a 
substantive but not catastrophic effect on the 
Greenland Ice Sheet’s future evolution. 
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Monte Verde: Seaweed, Food, 
Medicine, and the Peopling 


784 


of South America 


‘Tom D. Dillehay,** C. Ramirez? M. Pino,® M. B. Collins,‘ J. Rossen,* J. D. Pino-Navarro® 


‘The identification of human artifacts at the early archaeological site of Monte Verde in 
southern Chile has raised questions of when and how people reached the tip of South America 
without leaving much other evidence in the New World. Remains of nine species of marine 

algae were recovered from hearths and other features at Monte Verde Il, an upper occupational 
layer, and were directly dated between 14,220 and 13,980 calendar years before the present 
(12,310 and 12,290 carbon-14 years ago). These findings support the archaeological 
interpretation of the site and indicate that the site's inhabitants used seaweed from distant beaches 
and estuarine environments for food and medicine. These data are consistent with the ideas 

that an early settlement of South America was along the Pacific coast and that seaweeds were 
important to the diet and health of early humans in the Americas. 


‘ost scholars now accept that people 

centered the Americas through Beringia 

‘before 16,000 calendar years ago 
(2-3). After entering, itis not known whether 
people colonized the hemisphere by moving 
along the Pacific coast, through interior routes, 
or along both areas. Early coastal migrants prob- 
ably obtained much of their food fom the sea, 
including sea mammals, shellfish, and seaweed 
(4, 5), Convincing data have not yet been recov- 
cred to support the coastal model, although a 
few eary littoral sites have been reported (6-11. 
‘A coastal route along which resources are sim- 
ilar would more easily explain the rapid move- 
‘ment of people into South America and their 
Presence at Monte Verde Il, Chile, the upper 


layer of the Monte Verde site, dated at ~14,600 
calendar years before the present (cal yr BP) 
(22, 13) [supporting online material (SOM) text, 
section 2}. Here we report the recovery of three 
‘marine, two estuarine, and one terrestrial shore- 
line algae species new to the site and three ad- 
tional stone artifacts, one with the remains 
of seaweed on a worked edge, that suggest a 
strong reliance on coastal resources for food 
and medicine. 

‘Monte Verde Il is buried in the terraces of a 
small creck in the Maullin river basin, located 
‘midway between the Pacific coast and the Andean 
‘mountains. Today, the area is characterized by 
‘cool temperate climate, by wetlands composed 
of various hydrophytic communities and their 


successive species, and by remnants of a partly 
deciduous rainforest (12). During the late Pleis- 
tocene, temperatures were cooler, the site was 
drier, and the coast was situated ~90 km to the 
‘west, where sandy beaches, rocky shores, and 
delta estuaries offered a wide variety of ma- 
rine and brackish water resources (Fig. 1). The 
{inland marine bay of Seno de Reloncavi, dom- 
inated by a rocky shoreline, was ~15 kan to the 
south. Monte Verde was ~120 m above sea leve! 
at the time of human occupation (SOM text, 
section 1). Today, the sea is ~SS km west and 
~11 kan south of the site and ~59 m below it. 
‘At Monte Verde Il, organic remains are well 
preserved under a peat stratum that covers the 
~14,600 cal yr BLP. archaeological layer. Pre- 
vious research recovered wood tent remains, 
hhut foundations and floors, hearths and bra- 
Ziers, wooden lances, mortars and digging sticks, 
‘medicinal and edible plants, animal bones, hide 
and soft tissue, hnman footprints, mumerous 
stone tools, and other materials demonstrating 
human occupation (13). This evidence sug- 
gests that the site was occupied year round 
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Fig. 1. Map of the Monte Verde area showing the location of the sea level and coastline at 15,000 to 14,000 cal yr B.P. and at the present day. 
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and that resources were exploited from a wide 
variety of habitats, including the coast and the 
‘mountains. Fifieen species of aquatic plans from 
freshwater marshes of the distant Maullin flood- 
plain and from coastal dunes and brackish water 
estuaries of the delta, along with gomphothere 
(Cuwieronicus sensu Casamiquela) and paleo- 
camelid (Palealama sp.) meat, wild potatoes 
(Solanum maglia), and 45 other plant species 
from inland forests and wetlands provided the 
bulk of the Momte Vendeans’ diet (12, 13). In- 
cluded in the plant inventory were four previ 
ously reported varieties of seaweed, Dunillaca 
Antarctica (cochayuyo), Porphyra sp. (lucke), 
Gracilaria sp. (pelillo), and Sargassum sp., 
fiom sandy and rocky shorelines (/4-16). All 
of these species are edible and have important 
‘medicinal properties. Also recovered were the 
remains of 19 other probable medicinal spe 
cies, 5 of which came from coastal environments 
(14-16). Other coastal resources collected from 
beaches and transported to the site were dis- 
cojdal pebbles made info stone tools, bitumen 
used as adhesive to attach tools to wooden shatis, 
and marine fossils (12, 13). 

Our new analyses are from 27.2 liters of 
previously excavated but unstudied sediment fill 
from 24 hearths and braziers in the floors of two 
structures thought to be the remains of a medic- 
{nal ut and a residential tent. We recovered the 
remains of seaweed and other economically im- 
portant plants (SOM text, section 2, and table 
Si) and three stones, one of which is a flake 
tool, Identified were Parphyra sp. and Diavillaea 
Antarctica (Fig, 2) and five new species of sea- 
weed: Gigartina sp. (luga roja), Maczaella sp. 
(luga eucharay; Porphyra cobnbina, probably 


Fig. 2. Microscopic view of an archaeological 
specimen of Durvillaea antarctica from a hearth 
‘matrix located in the remains of a domestic hut. 
Seale bar, ~100 jim. 


Fig. 4. Microscopic view of 
‘Sargassum sp. from the floor 
of the wishbone-shaped hut, 
Scale bar, ~100 yim. 
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Sarcothalia erspaa (luga negra, Fig. 3); and 
‘Macrocystis pyrifera (Iuiro) (13). We also recov 
rod Trentepohlia sp. an. algae that is available 
exclusively on trees (dextaxicon punctaton and 
Griselinia jodinifolia) and rocks in the litoral 
zone. The excellent preservation of the speci 
‘mens allowed species-level identifications based 
on cellular structure, plant morphology, and color. 
‘Two accelerator mass spectrometry radiocarbon, 
dates derived from fragments of Gigartina sp. 
on the floor of a wishbone shaped fut and from 
Mazzadlla sp. in 3 brazier on a tent floor are re 
spectively between 14,190 and 13,990 cal yr BP. 
12,290 = 60 C¥ yr BP, Beta Analytic radio- 
carbon dating service sample mumber 238355) 
and 14,220 and 13,980 cal yr BP. (~12310 + 
40 C* BP, Beta Analytic sample number 
239650). These dates agree with those derived 
from wood artifacts and charcoal in hearths at 
‘Monte Verde Il, which range between 14,600 
and 14,200 cal yr BP. (13). 

It was dificult to count the soft remains of 
the 10 species of algae because many were frag- 
mented and mixed with other plants in masti- 
cated cuds, thought to be representative of an 
ancient pharmacopeia (14, 15) (SOM text, sec- 
tion 3, and fig. SI), or were trampled and em. 
bedded in hut foors. However, the dry weight 
total of all excavated seaweed remains was 
~125 g. Several algae fragments were partially 
‘bumed, suggesting that they had been dried, 


Fig. 3. Microscopic view of an archaeological 
specimen of Sarcothatia crispata from a hearth 
matrix located in the remains of a domestic hut. 
Scale bar, ~ 200 um. 
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probably for anspor from the coast or for 
Sorage, or were cooked. The fragility of soft leafy 
seaweeds, their preservation in archaco- 
logical sites, and yet their widespread dispersion 
jn hears and braziers across the site and their 
combination with other medicinal plants in the 
foun of masticated cuds suggest their value for 
both food and medicinal purposes. 

The scaweeds represent contrasts in en 
vironment and seasonal availabilty. Four genera 
(Dursitiaea, Porphyra, Mazaclla, and Sarco- 
thalia) derive from rocky coastines and inter- 
tidal pools located west and south of Monte 
Vende (6, 17), whereas three (Gracilaria, Gig- 
artina, and Macrocystis) originate only from 
sandy coastlines west of the ste. The peak avail- 
ability of three (Mazzaella, Gigartina, and Sarco- 
‘thalia) occurs from eatly spring to ealy summer, 
one (Gracilaria) is available from late spring 
to eat summer, one (Porphyra) s found in mic 
summer, and one (Durvilaed) occurs in Inte sur 
ser to caly fall (18-21). Sargassum sp. (Fig. 4) 
is a wamn-water species with a wide Pacific nat- 
ural rmge. lis growth anywitere in Chile, wihere 
the cold Humboldt Current sweeps the coast, is 
doubtful (17-22). Sargassum probably reached 
Chile through violent stonms or major El Nifio 
events, or pethaps the configuration of ocean 
ccurents was different at the time of site occu- 
pation. Trentepohtia sp. is avaiable year round 
slong the ittral, Seaweed collection by Monte 
Verdeans was thus conducted at various coastal 
locals from early spring to early fil, Today, the 
tidal rmge of the sea varies from 6.5 m near 
Puerto Mont in the Reloncavi Bay to 4 m at 
the mouth of the Maullin River, in both areas 
producing a wide and abundantly available 
resource-rich intertidal beach, With the excep- 
tion of Sargassum sp., moderate quantities of 
all varieties of seaweeds are deposited along 
the shoreline during storm surges. All nine sea- 
weed species recovered at Monte Verde Il are 
excellent sources of iodine, iron, zinc, protein, 
hormones, and a wide range of trae elements, 
particularly cobalt, copper, boron, and mangs 
nese (23-29), Secondary beneficial effects of 
these seaweeds include aiding cholesterol me- 
tabolism, increasing the calcium uptake of bones, 
antibiotic effects, and increasing the body's abi- 
to fight infection. These species have medic- 
final uses that closely comespond to common 
contemporary health problems in the study area 
today (SOM tex, section 3). Two species, Gig- 
artina and Sargassum, are non-esible and were 
evidently used exclusively for medicinal pur- 
poses. Collectively, the seaweeds and 10 other 
plant species at Monte Verde Ul suggest a medic- 
inal stock derived from the cool temperate en- 
vironment of the region. These same species are 
used today as medicinal plants by local indig- 
‘enous populations. 

We also recovered a total of 268 edible 
seeds, fruits, and other plant pars (SOM and 
‘able S1) from the processed feature fills, which 
comespond with the genera previously reported 
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from the site (13-16). Also recovered were three 
stone tools, one of which exhibits microparticles 
of Gigartina sp. on a used edge (SOM text, sec- 
tion 4, and fig. $2), suggesting that it was used 
for cutting and preparing seaweed. Fragments 
of Porphyra sp. and Sargasston sp. were reported 
previously on other stone too!s (13). The remain- 
{ng two stones show indeterminate human mod- 
ification (SOM and figs. $4 to S6). 

Not known is whether people amived at 
Monte Verde through an interior or coastal route. 
However, these new data indicate that the peo- 
ple inhabiting Monte Verde II were accustomed 
to frequently exploiting coastal resources year 
round, which, coupled with interior foods, al- 
lowed them to remain in the area. Prior evidence 
suggests that the Monte Verdeans also regularly 
moved up and down the Maullin basin to ex 
ploit resources and/or to exchange them with 
other people living in the area (3, 16). Assum 
ing that other late Pleistocene people operated 
under similar subsistence and settlement prac- 
tices, our data imply that if groups traveled 
along the Pacific coast, they may have migrated 
slowly and exploited the interior resources of 
the hundreds of river basins descending the 
Jong mountain chain from Alaska to Tierra de! 
‘Fuego to the sea. Several recent archaeological 
findings support the idea of early coastal 
migration and specialized maritime sites, but 
this evidence also indicates contacts with 
interior people or transhumance between coast- 
al and interior areas and thus broad-spectrum 
economies (7, 8, 10, 11) 
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DNA from Pre-Clovis Human 
Coprolites in Oregon, North America 


‘M. Thomas P. Gilbert,** Dennis L, Jenkins,* Anders Gatherstrom,> 
‘Nuria Naveran,* Juan J. Sanchez,* Michael Hofreiter,° Philip Francis Thomsen,* 
Jonas Binladen,* Thomas F. G. Higham,” Robert M. Yohe Il,” Robert Parr,” 


Linda Scott Cummings,? Eske Willerstev*+ 


‘The timing of the first human migration into the Americas and its relation to the appearance 
of the Clovis technological complex in North America at about 11,000 to 10,800 radiocarbon 


years before the present ("*C years 8. 
present at Paisley 5 Mile Point Caves, 


remains contentious. We establish that humans were 
south-central Oregon, by 12,300 'C years B.P., 


through the recovery of human mitochondrial DNA (mtONA) from coprolites, directly dated 
by accelerator mass spectrometry. The mtDNA corresponds to Native American founding 
hhaplogroups AZ and B2. The dates of the coprolites are >1000 “C years earlier than currently 


accepted dates for the Clovis complex. 


the timing, route, and origin ofthe frst hu- 

‘man migration into the Americas remain 

‘uncertain. Some archaeological (J) and 
genetic (reviewed by (2)] evidence has been used 
to argue for a setlement by 30,000 years ago (ka) 
(calendar years) or even earlier, but both lines 
of evidence remain controversial. The most wide- 
ly accepted dates of occupation relate to the Clovis 
complex, ~11,000 to 10,800 C years before the 


present (9r BP) (132-131 to 129-128 ka), a 
distinct technology that appears to have origi- 
nated and spread throughout North America in as 
Title as 200 to 300 years (3). 

‘The oldest directly dated hnuman osteological 
remains from the Americas are no more than 
11,000 “C yr BP, (~12.9 ka) (3, 4) and appear 
to be congruent with the “Clovis-first” mode! of 
‘colonization (5, 6). However, this theory is com- 


plicated by Monte Verde, in southem Chile, which 
contains artifacts dated to ~12,500 “C yr BP. 
13.9 to 138 ka) that exhibit litle technological 
connection to Clovis (7), Although a number of 
pre-Clovis occupation sites have been reported 
from North America (8), their age and cultural 
origins remain controversial, primarily because 
of the lack of directly dated human remains or 
artifacts (9). 

Here we present evidence for human presence 
in North America before the Clovis complex, 
though the identification and genetic profiling of 
coprolites directly dated to 12300 “C yr BP. 
(1427 to 140 ka) at the Paisley 5 Mile Point 
Caves in south-central Oregon (Fig. 1A). The 
Paisley Caves are wave-cut shelters located on the 
highest shoreline of pluvial Lake Chewaucan, 
which once filled the Summer Lake-Chewaucan— 
Lake Abert basins (Fig. 1A), As the lake level 
fell since the last glacial maximum (10, 11), the 
caves began filling with aeolian-transported silt 
and sand, gravel, roof spall, and organic material 
(bones, coprolites, plant remains, and. artifacts) 
deposited by Inumans and animals. Sheltered 
from moisture, these extremely dry deposits con- 
tain perishable uma artifacts: manufactured 
tteads of sinew and plant fibers, hide, basketry, 
condage, rope, and wooden pegs, as well as ani- 
smal bones and diverse kinds of feces, in an un- 
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broken stratigraphic sequence spanning the late 
Preistocene and Holocene (12). Stone tool and 
debitage assemblages are small, suggesting that 
site occupations were generally bref. Peistocene 
assemblages contain few chronologically diag- 
nostic artifacts. The few projectle point frag- 
‘ments recovered are morphologically consistent 
with lanceolate, Westem Stemmed, and folate 
types common in the Younger Dryas (10,200 to 
10,700 “4C yr BP) and early Holocene archae- 
logical sites of the region. However, the strat 
graphic distribution of arifacts and radiocarbon 
dating of likely butchered bones suggest that the 
site may have been occupied as early as 12,400 
and 12,000 “C yr BP. 

Fourteen coprolites recovered from the lowest 
levels of Paisley Caves are morphologically Inu- 
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Fig. 2. Geographical and stereographical information on Paisley 5 Mile Point 
Caves. (A) The location of Paisley 5 Mile Point Caves in Oregon and location of 
Oregon in the United States (nse. (B) Horizontal, vertical and stratigraphic 
cistrbution of five ofthe human coprolites. Sample 1374-PC-1/2A-28 (Table 1) 


‘man (based on size, shape, constiments, and 
‘color. in initial screening using a multiplex poly- 
‘merase chain reaction (PCR) and minisoquencing 
assay, all 14 were positive for human mito- 
‘chondrial DNA (miDNA) (J3). This result is not 
supprising, because the coprolites had not been 
‘excavated under sterile conditions and could be 
expected to contain DNA derived from the ex- 
cavation team (/4, 15). Although all of the cop- 
rolites contained single-mucleotide polymorphisms 
(SNPs) diagnostic of European populations (which 
is consistent with contamination), independent- 
ly generated cloned and pyrosequenced PCR 
products from six samples reproducibly yielded 
SNPs diagnostic of Native American founding 
mtDNA haplogroups (Hgs) A2 and B2, (Table 1; 
supporting online material (SOM) text; fig. SI; 
and tables SI, SS, S7, and S9) (16). The absence 


in the remaining eight samples may be due 10 
differences in DNA survival across specimens 
or the possibility that these coprolites are non- 
hhuman; or, what is mote likely, the ratio of con- 
taminant to endogenous DNA was too great 
for endogenous mtDNA detection using our 


studies are extremely 
prone to contamination that may occur during 
sampling or subsequent laboratory analyses 
(14, 13). To exciude laboratory-based contam- 
nation, the Hg A and B results were indepen- 
dently confirmed with several different DNA 
typing and sequencing methods (13) in multiple 
laboratories (in Copenhagen, Denmark; Uppsala, 
Sweden; and Leipzig. Gennany) (Table 1). Fur- 
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thermore, to ensure that the Hg A and B results 
were not the result of contamination during the 
excavation, we mitotyped the 55 individuals (stu- 
dents, instructors, and. visitors) who had been 
present at the site during the two-season exca- 
vation (/3). Additionally, we mitotyped the 12 
researchers present in the principal DNA labo- 
ratory (J3). This was performed regardless of 
whether an individual played an active role in 
the excavation or in the genetic analysis of the 
coprolites. For example, although $5 people had 
been present at the archaeological ste, only 14 
were actively involved in the excavation of the 
six coprolites reported here, and only two of 
those could have come in contact with all six 
specimens. The results show that none of the 
individuals tested are the sources of the Hg A 
and B miDNA (3) (table 4), Because the cop 
rolites had been stored in sealed plastic bags from 
the time of excavation until the genetic analyses 
were undertaken, itis dificult to explain the re- 
salts by other sources of post-excavation contam- 
nation, To provide additional confirmation for a 
Jhuman origin of the coprolites, we submitted part 
of the four oldest samples (as matcrial alowed) 
{or protein residue (crossover immmunoelectropho- 
resis) and reconstitution analyses (trisodium phos- 
phate solution analyses) (13). The results of these 
tests confirmed the results of the morphological 
and genetic analyses that the coprolites are of 
Iuman origin (Table 1 and SOM text) 

The leaching of DNA from younger to older 
stratigraphic layers may be a problem in rela- 
tively wet, temperate cave sctings (17). Although 
iy that leaching would be able to pro- 


was excavated from another cave (Cave 1) and thus is not shown. Also indi- 
cated are a dated camelid astragalus, a horse phalange, and sample 8, a 
coprolite found out of context, indicating some stratigraphic disturbance. For 
further details, see SOM text. 
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vide crossover immunoelectrophoresis false pos- 
itives, because of the relatively large amounts 
of proteins needed, we conducted two additional 
tests for DNA leaching. Wood rat (Neotoma 
lepida) fecal pellets are a major constituent of 
the strata in the Paisley $ Mile Point Caves and 
were found in direct contact with the six cop- 
rolites in question (table $9). Thus, we sereened 
the six coprolites for Neofoma mtDNA (13). To 
account for any possible differences in Neotama 


species inhabiting the caves in the past, we used 
primers designed to amplify mtDNA from all 
‘members of the gemus. Contra! Neotoma fecal 
‘samples from the caves gave positive results for 
‘Neotoma DNA (table $6). However, al six cop- 
rolites testing positive for human DNA tested 
negative for Neofoma DNA. We additionally 
screened 14 control sediment samples and two 
Jong bones morphologically identified as Sper- 
‘mophils lateralis (golden-mantied ground squir- 


Ey 
ree) 
‘OnA-16075 1294-68-40) 
ta 2164742 (204-586 59) 3 
(Ona 16407 (120487031) — 3| 
Bee ort (376°C5503;) | ——— é 
(Ona 10408 (19740-85031) — | 


Cates Dat (on! BP) 


2. Calibrated radiocarbon determinations from the four oldest coprolites excavated at Paisley 
ile Point Caves (bottom section), obtained using INTCALO4 (29) and the OxCal4.0 software (20). 


‘Mean dates for Clovis sites reported by Waters and Stafford (3) are also included for comparison 
{top section). The calibrated results for Paisley Caves shows that the oldest are ~1000 C years 
older than the earliest Clovis dates. Beta, Beta Analytic; OxA, Oxford Radiocarbon Accelerator Unit. 


re), recovered from around the coprolites, for 
the Hg A and B SNPs (/3) (table $6), Although 
8 out of the 16 samples were positive for hu- 
man mtDNA (presumably derived from the 
excavation team), none of the samples were pos- 
itive for the Native American SNPs (table $6). 
Additionally, primers specific for S. lateralis 
gave positive results for the two long bones, 
demonstrating that DNA survived in noncop- 
rolite specimens from the Paisley Caves for 
Jong times also. The results strongly suggest 
that leaching of DNA is not a concem in the 
Paisley Caves and are in agreement with em- 
pirical and theoretical evidence suggesting that 
substantial amounts of liquid water are required 
to move free DNA molecules between strata 
7,18). 

Three of the six coprolites also contained 
canid 165 miDNA with high similarity to red 
fox (Fipes vulpes, one substitution difference), 
coyote (Canis latrans, one substitution differ 
ence), or domestic dog or wolf (Canis familaris 
‘oC. lupus, 100% match) (Fable 1) (23). In light 
of the nongenetic tests showing a human origin 
of the coprolites and the findings of diverse canid 
bones in the strata, the most likely explanations 
for these results are that humans may have eaten 
canids or that canids living in the caves during 
periods of nonhuman occupation urinated directy 
‘onto human feces. 

Accelerator mass spectrometry (AMS) radio- 
carbon dating of bone collagen from a cametid 
astragalus, recovered in stratigraphic association 
(Gtratum LUIb) with three of the oldest human 
coprolites, produced an age of 12,300 “C yr BP. 
(Fg. 1B). To ensure reiable ages of the coprolites, 
the five specimens fiom the deepest layers were 
ssibmited for direct dating by AMS at two inde- 
pendent laboratories; Beta Analytic (Florida, USA) 
and the Oxford Radiocarbon Accelerator Unit 
(University of Oxford, UK), Although each lab- 
oratory used different methodologies (13), all 
specimens except one (sample 1294-PC-5/6B-40) 
produced consistent dates, ranging from approx- 
imately 1300 to 12,300 “C yr BP., and three 
of the coprolites pre-dated 11,000 "C yr BP. 


Table 1. Results of mtDNA, nongenetic analysis and AMS dating of the six coprolites identified as of Native American origin. 


=o Fig. 18 
Sample Hg aaa cave PF ce Tet 
ras replication 
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(Table 1 and Fig. 2). Thus, our data show that 
hhumans were present in North America before 
the Clovis complex. Analyses of complete Native 
‘American mtDNA. genomes imply that the Hes 
A2 and B2 originated at 13.9 + 2.0 and 16.5 = 
2.7 ka, respectively (16). The coprolites at Paisley 
‘may thus derive from among the earliest members 
of these Hgs. The Paisley Caves contain only 
small pre-Clovis lithic too! assemblages, and ths 
the cultural and technological associations of the 
early site occupants and their relationship to the 
later Clovis technology are uncertain. 
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Spatial Regulators for Bacterial Cell 
Division Self-Organize into Surface 


Waves in Vitro 


‘Martin Loose,** Elisabeth Fischer-Friedrich,? Jonas Ries,* Karsten Kruse,** Petra Schwille*** 


In the bacterium Escherichia coli, the Min proteins oscillate between the cell poles to select the cell 
center as division site. This dynamic pattern has been proposed to arise by self-organization of 
these proteins, and several models have suggested a reaction-diffusion type mechanism. Here, we 
found that the Min proteins spontaneously formed planar surface waves on a flat membrane in 
vitro. The formation and maintenance of these patterns, which extended for hundreds of 
‘micrometers, required adenosine 5'-triphosphate (ATP), and they persisted for hours. We present a 
‘eaction-diffusion model of the MinD and Min€ dynamics that accounts for our experimental 
observations and also captures the in vivo oscillations. 


‘ow macroscopic order can emerge from 
H= ‘molecular interactions is a general 

problem of cell biology. Organization 
can emerge from a limited number of constinuents 
that diffuse and locally interact with each other, 
provided that the system is out of equilibrium (7) 
A reaction-diffision mechanism of pattem for- 
‘mation has been observed in a number of systems 
2, 3) and has also been suggested to lead to 
spatial protein organization in vivo (47) 
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‘The oscillations of the Min system in Esche- 
‘richia coli are a strong candidate for a reaction- 
diffusion system in vivo (6). This system consists 
of the proteins MinC, MinD, and MinE (8), which 
‘oscillate between the poles of the rod-shaped bac- 
terum (9, 10) and thereby select the cel center as 


the site for division septum formation (1). The 
Min proteins are cnucial for accurate cll division. 
Mutants lacking the Min system are prone to 
divide asymmetrically, which gives rise to DNA- 
fie minicells. MinD is an adenosine tiphospha- 
tase (ATPase) that dimerizes in the presence of 
adenosine 5'‘riphosphate (ATP) and binds to the 
pid membrane via amphipathic helices (12) In 
the cell, MinD assembles on the cytoplasmic mem- 
‘brane covering roughly haif of the cel. MinE binds 
to membrane-bound MinD and induces ATP 
hydrolysis by MinD (73). Subsequently, both pro- 
teins detach from the membrane, and MinD re- 
assembles in the opposite half of the cell. Mink is 
predominantly located atthe rim of the Min do- 
‘ain and forms a ring close to the cell center (4), 
MinC follows the movement of MinD directly and 
not required forthe oscillations (9, 10), However, 
it prevents the assembly of FtsZ, which is known 
tobe the frst protein to localize atthe future site of 
cell division (15), By inhibiting FtsZ. assembly at 
the cell poles, the Min system restricts the 
{formation of the division septum to the cell center. 

Various theories have been suggested to 
explain the Min oscillations (6), Some mode's 


Fig. 1. Min-proteinsuface 
waves in vitro, Confocal 
images of self-organized 
protein waves on a sup- 
ported lipid: membrane, 
Mind (1 uM), doped 
with 20% Bodipy- 
labeled MinD (green), 
Min (2 uM, doped with 
10% Alexa647-labeled 
MinE (ed). Scale bar, 
50 ym. 
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Fig. 2. Quantitative 
characterization of pro- 
tein waves, (A) Confocal 
image of Min protein 
waves on a lipid mem- 
brane. MinD (1 uM), 
green channel; MinE 
(25 jMd, red channel 
Scale bar, 50 um. (B) 
Intensity profile plots 
for MinD and MinE 
waves along the rectan- 
ular area shown in (A). 
Arrows in (A) and (B) 
indicate direction of 
wave propagation. (O 
Kymographs for MinD 


and Min€ along the rectangular area shown in (A). Surface wave velocity (D) and wavelength (E) as.a function of Min 
concentration (MinD at 1 j1M). Data of the velocities fitted to Hill equation yielded Vax = 0.94 ums (left. Each data 


point has been obtained from n = 3 independent measurements. Error bars in (D) and (€) indicate SD. 


Fig. 3. initiation of protein 
surface waves. (A) Starting 
from a homogenous dis- 
‘tribution of MinD (1.5 min 
after addition of Min), ad- 
dition of MinE led to dynam- 
ic instability (4 to 38 min): 
First, MinD detached from 
the membrane, and after 
reattachment, protein-free 
Tipples in the protein layer 
eventually synchronized to 
a regular patter of parallel 
surface waves. MinD (1 uM, 
‘green channel; Min (1.5 M0, 
red channel. (B) Spiral waves 
formed by Min proteins. (Left) 
Only labeled Min is shown 
(Min, 1 uA Min, 2. wht, 
(fight labeled MinD and MinE 
ae shown (tinD, 1M Mtn, 
1 4M), (© Double spirals 
formed by Min proteins; only 
labeled Min is shown (inD, 
41 juMe Min, 05 ND, The star 
marks the center ofthe dou- 
ble spiral. Scale bar, 50 jim 
if not differently indicated 
movies in SON. 


propose that no spatial markers are required to 
generate this pattem (6) and that spontaneous 
oscillations will form even from a uniform initial 
state, a phenomenon called dynamic instabi 
‘Thus, Min-protein self-orgmization should not 
be restricted to living bacteria, but could also be 
tested in vitro (26). We designed an experimen- 
tal approach with a minimal number of com- 
ponents to systematically explore the Min 
system. 
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(Our in vitro system was based on a supported 

ipid bilayer to mimic the cell membrane, which 
‘was immersed in buffer containing the fores 
cently labeled proteins MinE (Alexa647) and 
‘MinD Bodipy-FL) (17). In the presence of ATP, 
MinD attached to the membrane, forming a 
dense, homogeneous protein layer. When we 
added Min to the buffer, planar surface waves 
formed on the membrane within 1 hour (Fig. 
1 and movie SI). These waves moved in a 
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distinct direction across the membrane and 
persisted for several hours. They were composed 
of spatially periodic bands of MinD and MinE, 
separated by troughs devoid of protein, The 
fluorescence intensities indicated a characteristic 
protein-density distribution parallel to the prop 
agation direction (Fig, 2, A and B, and movie 
$2), From the leading edge of the wave, the 
density of MinD increased and decreased sharply 
toward the trailing edge. The MinE density 
displayed a similar intensity profile, but with a 
shallow linear rise in fluorescence and a sharp 
decrease at the trailing edge. in propagating 
wave, the density maximum of MinE followed 
the maximum of MinD and formed a sharp line 
along the trailing edge of the wave. This pattem 
resembles the situation in the cell, where a 
dynamic Mink ring moves toward the pole, 
detaching MinD from the cell membrane (1). 
‘The dynamics ofthe waves were influenced by 
the concentration of MinE, For given concen- 
trations of MinD and Min, waves moved at 
constant velocity and wavelength (Fig. 2C). When 
we increased the MinE concentration from 0.5 t0 
5 4M, the average propagation velocity changed 
‘rom 0.28 ums toa value of 08 m/s (Fig. 2D), At 
the same time, the average wavelength decreased 
from 100 to 55 jum (Fig. 2E), At concentrations 
below 0.2 uM, waves still fommed erratically, but 
the system did not setle into a well-defined state 
(sce movie $3), Wave formation crucially de 
pended on the hydrolysis of ATP. Consistent with 
previous investigations (13), MinD did not atach 
to the membrane in the absence of ATP, and wave 
formation could not be observed. When we 
supplied the nonhydrolyzable ATP analog, aden: 
cosine 5'-0-G thiotiphosphate) (ATP-y-S), MinD 
{formed a homogeneous protein layer on the mem- 
‘brane. MinE attached to membrane-bound MinD, 
but was not able to induce wave formation (Bg, 
'S6). These findings confirmed that surface waves 
‘were only formed when energy was dissipated. 
Without MinE, MinD was homogenously 
distributed on the membrane. How did the 
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presence of MinE lead to planar surface waves? 
One to $ min after addition of Mink, the dense 
layer of MinD on the membrane became unstable 
and. depletion zones appeared, which coincided 
‘with regions of high MinE density (Fig. 3A, at 
4 min, and movie $4), These areas without 
membrane-bound MinD increased in size at 
constant MinE concentration in the buffer and 
‘were delimited by a continuous line of MinE. 
Depletion zones merged as they grew and 
encountered each other. Min borders coalesced, 
leaving only MinD islands, which eventually dis 
appeared (Fig, 3A, at 6 min), Subsequently, MinD 
reattached to the protein-free parts of the mem- 
brane with Min distributed inhomogencous'y 
around the newly formed MinD layer (Fig. 3A. at 
10 min), Discrete protein-free ripples moved 
independently from each other across the mem: 
brane. The direction of motion of a ripple was 


A 


governed by the asymmetry of MinE distribution, 
vith Min main! 
leading edge (see Fig. 3A and movies S4 and 
). When two ripples collided they fused and 
formed a lager protein-free area, which then 
moved in one direction. Afier about 1 hour all 
discrete ripples had synchronized into a highly 
regular pattem of parallel moving protein bands 
(Fig. 3A, at 18 and 38 min, see movie $5), In 
some instances, we observed rotating spirals of 
Min proteins (Fig. 3, Band C, and movies S6 to 
8). The wavelengths and velocities of the waves 
emanating from a spiral did not vary with the 
distance from the spiral center and were the same 
as for the planar waves. When waves from two 
neighboring counter-rotating spirals collided, 
they fused to form parallel protein bands (Fig. 

3C and movie $9). This might be the reason wi 
‘We most frequently observed paralle! waves. 
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Computational model of Min-protein dynamics. (A) Planar surface wave solutions of the dynamic 


equations (see SOM). (B) Profle plots and kymographs for MinD and MinE waves along the rectangular 
area shown in (A). Arrows indicate direction of wave propagation. Maxima of the Min€ distribution follow 
‘maxima in the MinD distribution. (C) Spiral solution for the same parameter values as in (A). (D) 
Dependence of the velocity and wavelength of the surface waves on the MinE concentration. Whereas the 
velocity increases markedly with increasing MinE concentrations, the wavelength shows a moderate 
decrease. In all simulations, periodic boundary conditions have been used. The size of the domains in the 
simulations were 900 jim x 900 um, extracts are shown in (A) and (B). Scale bar, 100 jim. Error barsin (D) 
and (E) indicate SD. Parameter values are given in the SOM tex. 


REPO! 
To further investigate the mobility of the 
proteins during wave propagation, we performed 
fluorescence photobleaching experiments. The 
bleached area of Min or MinD remained at its 
‘original position on the membrane, while the wave 
‘was propagating (figs. S9 and S10). This implies 
that the waves were not the result of protein 
translocation in the plane of the membrane, but 
‘were generated by sequential rounds of detachment 
and reattachment of proteins from the soluble pool 
‘The waves we observed experimentally were 
qualitatively different from the behavior pre 
dicted by existing theories (6) (see movies S12 
and $13). These theories are either based on a 
classical reaction diffusion mechanism (18, 19), 
here cooperative MinD binding to the mem- 
brane is essential to generate oscillations, or they 
assume attractive interactions between Min 
‘molecules bound to the membrane (20). From 
the observation that regions of high Mink 
densities initiated MinD detachment and even 
‘ually pattem formation (Fig. 3), we developed 
a computational mode! [see supporting online 
material (SOM) text] that includes coopera 
tive effects during MinE binding to the mem 
bbrane, similar to those suggested in (18, 21) 
MinE cooperativity proved to be cnicial to re 
produce the dynamic pattems observed experi- 
mentally (Fig. 4 and movies $10 to S11), Our 
theory also captured similar protein-density 
distribution within a protein band (Fig. 4B), as 
well as the dependencies of the wavelengths and 
velocities on the MinE concentration (Fig. 4D) 
Several features of the in vitro structures of 
the Min system are strongly reminiscent of the 
Min oscillations in vivo: MinD was distributed 
hhomogenously on the membrane in the absence 
of MinE, whereas dynamic pattems could be 
observed only in the presence of MinE; MinE 
‘was found predominantly localized at the tailing 
edge of a moving MinD band (14, 22). We 
characterized the velocity and wavelength of the 
surface waves asa function of MinE concentra 
tion and conciude that the frequency of the oscil- 
lations increases with an increasing MinE”MinD 
ratio (/4), An explanation for the different length 
scales of the pattems observed in vitro and in 
vivo is given by our theoretical description: When 
‘we used lower values for the diffusion constants 
of the membrane-bound proteins in our model, 
wwe could also reproduce the Min oscillations 
observed in the cell (23) (see SOM text). One 
possible reason for lower diffusion constants in 
vivo could be molecular crowding in the cyto- 
plasmic membrane of E. coli. Thus, the mecha- 
nism generating the surface waves in vitro may 
also drive the Min oscillations in vivo, By ex- 
tending the experiments to the rod-shaped geom- 
etry of an E. coli cell, it could be possible to 
reconstitute pole-to-pole oscillations as observed 
{in-vivo or, eventually, even the whole prokaryotic 
cell division machinery. Here, we have shown that 
complex biological behavior can emerge from a 
limited number of components, namely, two pro 
teins, amembrane, and ATP. 
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Reconstitution of Contractile FtsZ 


Rings in Liposomes 


‘Masaki Osawa, David E. Anderson, Harold P. Erickson 


FtsZ is a tubulin homolog and the major cytoskeletal protein in bacterial cell division. It assembles 
into the Z ring, which contains FtsZ and a dozen other division proteins, and constricts to divide the 
cell. We have constructed a membrane-targeted FtsZ (FtsZ-mts) by splicing an amphipathic helix to 
fts C terminus, When mixed with lipid vesicles, FtsZ-mts was incorporated into the interior of some 
‘tubular vesicles. There it formed multiple Z rings that could move laterally in both directions along 
the length of the liposome and coalesce into brighter Z rings. Brighter Z rings produced visible 
constrictions in the liposome, suggesting that FtsZ itself can assemble the Z ring and generate 

a force, No other proteins were needed for assembly and force generation. 


18Z is the primary cell division protein in 

almost al! bacterial and archaeal species. In 

vitro, FisZ assembles into short, one- 
stranded protofilaments, averaging 30 subunits 
and 125 nm in length (2), In the bacterial cel, 
these are further assembled into a long, thin 
filamentous structure attached to the inner bac- 
‘erial membrane. Normally this lament forms a 
single Z ring at the center of the cell but some- 
times the ring separates into a close-pitched helix 
, 3) Conventional electron microscopy (EM) 
has failed to resolve any structure ofthe Z ring in 
vivo, but.a recent study with the use of eryo-EM 
tomography has resolved the arrangement of 
protofilaments in the Z ring of Caulobacter 
crescentus (4), These images showed individual 
protofilaments scatered in a namow band around 
‘the circumference of the cell. Figure 1A depicts a 
‘model of how these protofilaments can be ar- 
ranged o make the Z ring, consistent with the 
cryo-EM and earlier indirect analyses (1, 5). This 
‘model raises two fundamental questions: () How 
fare protofilaments connected to each other to 
make the very long and thin ring or helix? () 
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‘How are the protofilaments attached to the mem- 
brane? The first question stil has no answer, but 
the second question was recently answered by 
Pichoff and Lutkenhaus (6), who demonstrated 
that FtsZ is tethered to the membrane by FisA. 
Specificalty the C-tenminal peptide of Fis. binds 
FWA, and the C termims of FtsA forms an 
‘amphipathic helix that inserts into the membrane 
(Fig. 1B). 

In addition to FtsZ. and FisA, the Z ring con- 
tains nearly a dozen other proteins that are es- 
sential for cell division. These proteins appear to 
function in later steps, especially in remodeling 
the peptidoglycan wall. Z ring assembly requires 
only FisZ and either FisA or Zipa (6, 7). We 
hhave suggested earlier that FisZ, in addition to 
‘providing the cytoskeletal framework, may also 
‘generate the constriction force (8). However, it 
‘has remained an open question whether force re- 
‘quites interactions with other proteins. 

In the present study, we asked whether FisZ 
‘could form a Z ring without Fis if we provided 
a direct tether to the membrane. To test this pos- 
sibility, we removed the FIsZ peptide that binds 
FisA and ZipA and replaced it with an amphi: 
pathic helix, producing membrane-targeted FtsZ. 
(FisZ-mts) (Fig. 1C). We then expressed FtsZ- 
mts in the Escherichia coli strain SKD7-I(pKD3), 
in which the native FtsZ can be suppressed by 


growth at 42°C (9, 10). The depletion of FisZ 
blocked cell division and caused the cells to grow 
{nto long flaments. In these filamentous cells, the 
FtsZ-mts formed abundant Z rings and helical 
structures, which are very similar to native Z 
rings (Fig. 2). We concluded that Z ring assembly 
does not require FisA, but only the membrane- 
targeting amphipathic helix. 

Having achieved the reconstitution of the Z 
rings in E. col, wenext attempted reconstitution in 
a liposome system in vitro, We made large rult- 
lamellar vesicles (12), which were initially mostly 
spherical, with a tendency to aggregate into irregu- 
Jar clumps. We then mixed the liposomes with 
FtsZ and gumosine 5”-triphosphate (GIP) (GTP 
is necessary for polymerization), put a drop on a 
slide, and placed a coverslip on it, Initially, the 
FtsZ-mts was on the outside of the vesicles, but 


Fig. 1. (A) Model of the Z ring. The Z ring is 
constructed from overlapping short protoflaments 
and averages 3 to 9 protofilaments in thickness, 
depending on the bacterial strain. (B) FtsZ is 
normaly tethered to the membrane by FtsA. The C- 
‘terminal peptide (orange) of FtsZ binds FisA, and 
FtsA binds the membrane by its amphipathic helix 
(purple). (C) in FtsZ-mts, the FtsA-binding peptide 
‘s replaced with yellow fluorescent protein (YFP) 
and an amphipathic helix. 
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during these manipulations tubular liposomes 
formed and some of these incorporated FisZ-mts 
inside. We do not know how this process occurs. 

Inside the liposomes, the FtsZ-mts spontane- 
ously assembled into multiple Z rings, almost all 
of them being closed rings perpendicular to the 
axis of the tube (Fig. 3). The liposomes fre- 
quently showed indentations or constrictions at 
the site of the brighter Z rings. The constrictions 
usually distorted the entire wall of the thick, 
‘multilamellar liposome (Fig. 3) but sometimes 
appeared to detach the inner layers (Fig. 3B). In 
some cases, a constriction already present in our 
first image constricted further a few minutes later 
ig. 3C), We have not observed any convincing 
cases of constrictions proceeding all the way to 
liposome division. The limited constriction is 
pethaps due to the rigidity of the thick walls of 
the multilamellar liposomes; we have not yet 
succeeded in producing tubular liposomes with 
thinner walls 

Movie SI depicts a tubular liposome ob- 
served over a period of 10 min, Initially the ipo- 
some contained multiple dim Z rings and no 
‘membrane constrictions (fiz. S1, 0 and 100 3) 


Fig. 2. FtsZ-mts was expressed in 
E.coli depleted of wild-type FtsZ, 
Which forms long filaments. be- 
cause division is blocked. FtsZ-mts 
formed numerous Z rings and tight- 
pitch helices. 


mixed with tiposo 
the FtsZ-mts was it 
the liposomes, some tubular, multi- 
lamellar tiposomes were formed 
that enclosed FtsZ-mts and GTP. 
‘The FtsZ assembled into Z rings in 
‘these tubular liposomes. (A) A tipo- 
some with three bright Z rings, 
each centered on a constriction. 
The fluorescent FtsZ is shown in 
yellow, superimposed on the differ- 
ential interference contrast image 
of the liposome. Arrows indicate Z 
‘ings. (B) The bright Zring near the 
middle (indicated by the arrow) is 
forming a visible constriction and 
fon the right side appears to have 
detached some inner layers of the 
muttilamellar wall. (QA liposome 
{s shown here with a visible constric- 
ton at the Z ring when first observed, 
5 to 10 min after making the spec- 
men. Six minutes later the constric- 
tion has narrowed markedly. See 
‘movie $1 for a 10-min series show 
ing Z rings coalescing into brighter 
‘ones, which generate constrictions. 


These dim Z rings were found to slide back and 
forth along the length of the tube. When Z rings 
collided, they coalesced and produced brighter Z 
rings, and visible constrictions of the liposome 
‘wall appeared over them (fig. $1, 200 and 300 3). 
The constrictions in movie SI are light (see Figs. 
3 and 4 and movies S2 and S3 for more prom- 
nent constrictions), but fig. SI (taken from 
‘movie S1) illustrates that constrictions (3) appear 
only after the formation of bright Z rings and (i) 
coincide with the locations of Z rings. We also 
observed that when dim Z rings coalesce to make 
bright ones, they never reemerge. This may be 
because the Z ring material is generating a con- 
striction force, making it unfavorable to move 
uphill towand the larger diameter and away from 
the constriction, 

‘Whereas Fig. 3, movie SI, and fig. SI show 
constrictions developing at the sites of bright Z 
rings, Fig. 4 illustrates an example of the op- 
posite. In this experiment, we reduced the GTP 
from 400 to 100 uM, and we estimated that the 
GIP should be exhausted in ~20 min. The lipo- 
some in Fig. 4 showed a deep constriction cen 
tered on a bright Z ing at eary time points (Fig. 4, 
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50 and 250 s), Eight minutes later, the constric- 
tion relaxed slightly for ~20 s (Fig. 4, 450 s) and 
then abruptly relaxed completely (Fig. 4, 460 s; 
this abrupt expansion is rmuch more dramatic in 
movie S2). The Z ring did not collapse or dis- 
assemble but expanded uniformly to the larger 
Giameter. The expansion occurred in less than 10 s 
and remained stable for more than 20 min, A 
second Z ring in the liposome abniptly relaxed its 
constriction 2 min later (movie 82). The remain- 
ing dim Z rings mostly disappeared over the next 
20 min, consistent with the exhaustion of GTP. 
This series suggests that the early constrictions 
‘were maintained by a Z ring~dependent force and 
relaxed when these Z rings lost their ability to 
maintain the fore. Movie $3 depicts another 
series where intially weak constrictions deepened 
over 10 min and then relaxed as the GTP was 
depleted. We also tested assembly in guanosine 
$-{(@,B)-methyleno] twiphosphate (GMPCPP), 
Which is hydrolyzed 3 to 10 times more slowly 
than GTP (/2). GMPCPP supported the assem- 
bly of Z rings in the liposomes, and these lipo- 
somes had small constrictions, 

‘Some tubular liposomes had Z rings, and 
others did not. This provided an additional op- 
portunity to test the association of Z rings with 
constrictions, We measured by eye the frequency 
of visible indentations in tubular liposomes with 
inside diameters of <2. um. In iposomes that 
did not contain Z rings, we counted 32 visible 
indentations over a total length of 


z 


Fig. 4. AZ ring and its constriction abruptly re- 
laxes. For this preparation, the GTP concentration 
was reduced from 400 to 100 1M and should have 
bbeen exhausted in ~20 min. The first image was 
‘obtained ~10 min after mixing liposomes with FtsZ- 
mts and GTP, and images were taken every 10s for 
another 60 min. Elapsed times aftr the first image 
are indicated on the frames. See movie $2 for the 
complete time series. 
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liposomes that contained Z rings, we counted 44 
indentations over a total length of 575 um. These 
{indentations almost always coincided with a bright 
Z ring. Indentations or constrictions were thus 
five times more frequent in tubular liposomes 
that contained Z rings than in those without Z 
rings. 

If the Z rings are generating a constriction 
force in the liposomes, they are doing this with- 
out a motor molecule, What could be the mech- 
anism of force generation? We have previousiy 
reported that FtsZ can switch from a straight pro- 
tofilament in GTP to a highly curved conforma- 
tion in guanosine diphosphate (8, 13, 14). This 
conformational change is a candidate for force 
generation by FIsZ. alone, Li et al. (4) also sug- 
gested that individual protofilaments may be gen- 
erating a constriction force on the membrane 
segments to which they are attached. 

‘A notable feature of the reconstituted Z rings 
fs their strong tendency to form perfect closed 
rings that are oriented perpendicular to the axis of 
the tube. These features are consistent with the 
generation of a constriction force. If a filament 
grew longitudinally while attached to the mem 
brane, in the absence of any force it might as- 
sume a loose helical shape or even more irregular 
course. If itis generating a constriction force, it 
‘would tend toward a minirmum diameter, which 
‘would be a ring perpendicular to the axis (25) 

‘The images of Li et al. (4) show individual 
protofilaments with few contacts between them. 


‘This raises the possibility that the assembly of 
protofilaments to form the long, thin Z ring is mot 
propagated by direct lateral contacts between 
FisZ protofilaments. An alternative mechanism is 
‘that a protofilament, by inserting amphipathic 
helices and exerting a force on the membrane, 
‘may produce distortions of the membrane that 
favor the attachment of additional protofilaments 
near the ends. This assembly, which would favor 
the formation of closed rings, might also be a 
source of constriction force. 

Because FisA is an actin homolog and is 
‘known to form dimers or oligomers (16, 17), we 
initially thought that FtsA. self-association might 
play an essential role in Z ring assembly. How- 
‘ever, our reconstitution shows that neither FisA 
nor downstream division proteins are required for 
Z ring assembly. FisZ, a membrane tether, and 
the interior curved surface of a tubular liposome 
are sufficient for this assembly and the generation 
of a constriction force 

‘The earliest cellular life forms probably con- 
tained a replicating system of macromolecules 
surrounded by a lipid membrane. A mechanism 
‘would be needed to divide this living liposome. 
(Our simple system may recapitulate the primor- 
dial division machine (18). 
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Architecture of a Charge-Transfer 
State Regulating Light Harvesting in a 
Plant Antenna Protein 


‘Tae Kyu Ahn,*=* Thomas J. Avenson,?7* Matteo Ballottari,* Yuan-Chung Cheng,? 
Krishna K. Niyogi,*? Roberto Bassi, "+ Graham R. Fleming**+ 


Energy-dependent quenching of excess absorbed light energy (gE) is a vital mechanism for 
regulating photosynthetic light harvesting in higher plants. All of the physiological characteristics 
of gE have been positively correlated with charge transfer between coupled chlorophyll and 
zeaxanthin molecules in the light-harvesting antenna of photosystem II (PSII). We found evidence 
for charge-transfer quenching in all three of the individual minor antenna complexes of PSII 
(C29, CP26, and CP24), and we conclude that charge-transfer quenching in CPZ9 involves 2 
delocalized state of an excitonically coupled chlorophyll dimer. We propose that reversible 
conformational changes in CP29 can “tune” the electronic coupling between the chlorophylls in 
this dimer, thereby modulating the eneray of the chlorophyil-zeaxanthin charge-transfer state 
and suitching on and off the charge-transfer quenching during gE. 


plants is designed to perform two seem- 

ingly opposing tasks: to efficiently harvest 
sunlight and transfer excitation energy to the 
reaction center (RC), but also to rapidly dissipate 
excessively absorbed light energy harmlessly as 
heat to avoid deleterious photodamage. Because 
highly reactive chemical species are inevitable 


T: photosynthetic apparatus in higher 


by-products of photosynthesis, various regula- 
tory processes are critical for the robustness of 
photosynthesis and for plant survival (1). Regu- 
lation of light harvesting is predominantly 
mediated by energy-dependent quenching (qE) 
(@, 3), a phenomenon that depends on the trans- 
thylakoid pH gradient (ApH) (4), zeaxanthin (Z) 
(©), and the photosystem II (PSII) antenna- 


associated protein PsbS (6). However, precisely 
hhow and where within PSII these components 
interact to mediate gE at the molecular level is 
still mot well understood. Identification of the 
precise molecular architecture that is responsible 
for this vital regulatory process could provide 
insight imo the design principles of photo- 
protection in natural photosynthesis and could 
inspire approaches to engineer more robust 
aifical systems for solar energy conversion 
C9. 

‘Two different mechanisms, which are not 
‘mutually exclusive, have been proposed recently 
to explain gE (10, 11). According to Ruban et al 
(2), gE occurs inthe peripheral, trimeric antenna 
of PSII called LHCII (12), and its molecular 
mechanism involves energy transfer from chlo- 
rophyll a to a low-lying excited state of a car 
otenoid (lutein 1) in LHCII (22). A change in the 
conformation of a different carotenoid (neo- 
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xanthin) was identified spectscopically and 
correlated with LHCII quenching in vitro, and 
this conformational change was in tum correlated 
‘with gE in vivo (21). On the other hand, we have 
proposed a charge-transfer (CT) mechanism for 
GE on the basis of quantum chemical calcula 

tions (13) and ultrafast pump-probe experiments 
(10, 14), The CT mechanism invoives energy 
transfer from the chlorophylls bound to the PSUI- 
LHCII supercomplex to a chiorophyil-Z hetero- 
dimer, The chlorophyll-Z heterodimer then 
undergoes charge separation followed by recom- 
bination, thereby transiently producing = Z 
radical cation (Z"*). Formation of Z”* in thy- 
lakoids depends on the three components that are 
necessary for gE in vivo (10, 14). In PSI, an 
inner layer of monomeric (minor) antenna pro- 
teins connects the peripheral LHI timers to the 
RC core complex (15, 16). Evidence for CT 
quenching was recently demonstrated in a com. 

posite mixture of isolated minor antenna compo- 
nents (CP29, CP26, and CP24), whereas no trace 
of Z'* formation signal could be found in isolated 
LHCI trimers (14). Thus, it is possible that 
different qE mechanisms are operating in differ 

ent parts of the PSII antenna. Although each of 
these mechanisms has been propased to account, 
fully for gE (11, 14), their relative contributions 
10 gE in vivo remain to be determined. 

To investigate the molecular architecture of 
CT quenching and to identify precisely which of 
‘the minor complexes are capable of mediating 
CT quenching, we carried out ultrafast transient 
bsorption experiments in the spectral region of 
Z°* absorption (14, 17) using all three of the 
individual, isolated minor complexes. We ex- 
pressed recombinant apaprotcins of CP29, CP26, 
and CP24 in bacteria and reconstituted them in 
vitro with chlorophylls (a and b), lutein, and 


Fig. 1. NIR transient absorption kinetics 
for the CP29 minor complexes probed at 
‘980 nm. (A) NR transient absorption 
profiles for isolated CP29 complexes with 
excitation at 650 nm (chlorophy/l b Q, 
transition) and probing at 980 nm. The 
ted and black profiles represent kinetics 
for CP29 complexes bound by Z and V, 
respectively. Note that the samples are 
prepared so that they have the same 
absorbance (0.3) at 650 nm, and these 
kinetic traces have not been normalized 
in any way. The difference kinetic trace 
(blue curve) is obtained by subtraction of 
the V-kinetic profiles from the Z-kinetic 
profiles. Inset: Transient absorption pro- 
files over a shorter time region (0 to 60 ps). 
(B) NIR transient absorption spectrum for 
the isolated CP29 complexes. The spec- 
‘rum was constructed from a series of 
'NIR transient difference profiles obtained 
15 ps after excitation by probing every 0 
20 nm from 880 to 1080 nm. Error bars 
represent SE of five trials. The solid curve 
represents a b-plin interpolation among 

‘the experimental data points. 
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either Z or violaxanthin (V). In plants and iso- 
lated thylakoids, the reversible enzymatic con- 
version of V to Z is correlated with gE (5), and 
previous work has shown that CT quenching is 
associated with the presence of Z in intact sys- 
tems (10) and in isolated proteins (/4), whereas 
‘V-bound complexes are inactive. Herein we refer 
to the CP29 complexes reconstituted with Z and 
Vas CP29-Z and CP29-V, respectively (table SI 
and fig. SI). We excited the samples at 650 nm_ 
‘and probed the near-infrared (NIR) region where 
‘exaotenid zadical cotion species (Chu) exhib- 
ited strong absorption (10, 14) 

Figure 1A shows the transient absorption 
profile for CP29-V as compared to that of 
(CP29-Z. Both exhibit rapid rise components 
followed by exponential decays. However, rela- 
tive to the CP29-V kinetics, the CP29-Z kinetic 
‘profile shows a larger initial amplinide rise, the 
‘component dynamics of which are clearly ev- 
ident in the NIR transient absorption difference 
trace (Fig. 1A), For example, the difference pro- 
file is characterized by both very rapid (<500 fs) 
and slower (~5.5 ps) rise components, followed 
‘by single exponential decay with a time constant 
of ~238 ps. Such a profile is indicative of 
transient Car* formation and is a signature of 
CT quenching (10, 14). The spectrum recon- 
structed from a series of such difference profiles 
obtained by probing from 880 to 1080 mm ex- 
hibits a broad absorption band with a maxirmum 
‘at ~980 nm (Fig. 1B), in good agreement with 
the established Z absorption characteristics 
(40, 14), Similarly, the NIR transient absorption 
[Kinetics for CP26 and CP24 reconstituted with Z 
were also characterized by transient Z"* forma- 
tion. These combined results suggest that CT 
‘quenching (€g., involving a chlorophyil-Z spe- 
cies that undergoes charge separation followed 
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by recombination) occurs within all three minor 
complexes. This finding is consistent with the 
results of genetic and spectroscopic analyses 
showing that no single antenna protein is spe- 
cifically required for gE (14, 18-20), 

To further explore the molecular details of CT 
quenching in CP29, we studied a series of mutant 
CP29 complexes that each lacked a specific 
chlorophyll. Acconiing to the previously 1e- 
ported homology structural mode! (2/, 22), 
(CP29 contains eight chlorophyil-binding sites 
referred to as Al, A2, A3, A4, AS, B3, BS, and 
B6, along with two carotenoid-binding sites 
referred to as L1 and L2 (Fig. 2). Versions of 
€P29 with mutated ligands to each chloro- 
phyll were reconstituted in vitro with chloro- 
phylls (@ and b), lutein, and either V or Z, and 
stable complexes each lacking specific chloro 
phylis were recovered except for the AL mutant. 
‘These complexes are referred to as, for example, 
(CP29 jo, Where the subscript denotes the miss. 
ing chlorophyll (table S2 and figs. S2 to $5) 
Note that it has been established experimentally 
that Z binds specifically to the 12 domain; 
therefore, we can exclude the likelihood that 
chlorophyll Al is direetly involved in CT quench- 
ing (23, 24, 

The difference NIR transient absorption ki- 
netic profile (blue trace) for CP29 ps is charac- 
terized by both rise and decay components that 
are signatures of Z" evolution during CT quench- 
ing (Fig. 3A), implying that CT quenching is 
active in the absence of chlorophyil B3. Likewise, 
the difference profiles for CP29 az, CP29 ax, 
CP29 aq, and CP29 pg also exhibit evidence of 
CT quenching irrespective of some variation in 
Z* signal that might derive from pleiotropic 
effects on protein structure (fg. S6). These data 
show that CT quenching in CP29 is not elim- 
inated by the removal of chlorophylls A2, A3, 
A4, B3, or BG, thus excluding the likelthood of 
their participation in CT quenching. In contrast, 


Fig. 2. CP29 homology structure model. The model 
shows eight chlorophyls and two carotenok-binding 
sites (L1 and L2). The structure was constructed on 
‘the basis of homology data, mutational analyses, 
ircular dichroism, and spectroscopic results (21, 22). 
hlorophylis AL and AZ are located in the LI 
<arotenoid-binding pocket, whereas chlorophylls A4, 
AS, BS, and B6 are close tothe L2 site. 
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the kinetic profiles for CP29 5, whether recon- 
stituted with Z or V, are characterized solely by 
decay features attributable to chlorophyll excited- 
state absorption, and the transient absorption 
difference profile reveals no amplitude change 
relative to the noise level (Fig. 3B). The inter 
pretation of this result is complicated by the fact, 
‘that mutation of the amino acid residue that co 
ordinates chlorophyll AS also results in the loss 
of chlorophyll BS, specifically in Z-bound CP29 
complexes (table $2). However, the kinetic 
profiles for CP29 ps (a complex lacking chioro- 
phyll BS only) are also characterized solely by 
chlorophyll excited-state absorption dynamics 
and no measurable Z”* formation signal (Fig. 
30), which clearly indicates that CT quenching 
in CP29 involves chlorophyll BS. Acconding to 
the homology structural mode! (Fig. 4), chloro- 
pphyll BS is placed farther away from Z (~13 A) 
than is chlorophyll AS (~6 A). The chlorophyll 
‘AS-BS pair is positioned within the L2 domain 
and chlorophyll AS is orientated roughly cofacial 
to, and centered along the axis of, the Z-binding 
site, which is in good agreement with the re- 
quirements for CT quenching previously predicted 
by quantum chemistry calculations (13). Further- 
‘more, chlorophylls AS and BS are reported to be 
strongly coupled (22, 25), and both are important, 
for the regulation of chlorophyll excited states 
(21, 22), Therefore, we conclude that CT quench- 
{ng in CP29 most likely depends on both chlo- 
rophylls AS and BS, and rather than a simple 
chlorophyll-Z heterodimer, the molecular site 
of CT quenching in CP29 comprises Z and a 
strongly coupled chlorophyil pair (AS and BS) 
What is the importance of this CT site 
architecture? Our finding indicates that the 
primary event of CT quenching in CP29 involves 


Fig. 3. NIR transient absorption kinetics for 
CP29 mutants lacking the ligands binding 
‘to chlorophylls 83, AS, and BS. Transient 
absorption profiles were measured using 
€P29.s5 (A), CP29-4s (B), and CP29-s5 (C). 
Other conditions are the same as Fig. 14. 
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electron transfer fiom Z to a strongly coupled 
chlorophyll dimer in the AS-BS pocket of CP29, 
rather than from Z to a monomeric chlorophyll 
molecule (26). Relative to a monomeric chioro- 
phyil, a coupled chiorophyil dimer would be 
‘more favorable for CT quenching because the 
‘charge delocalization over the two chlorophylls 
‘will make the product CT state more stable. As a 
result, controlling the coupling strength between 
chlorophylls AS and BS in CP29, either by 
changing the distance between them or by 
altering their orientations, would modulate the 
‘eduction potential of the chlorophyll dimer and 
therefore could be used to switch on and off the 
CT quenching. This CT switching mechanism 
‘Provides a potential molecular basis for the reg- 
‘ulation of CT quenching during qE in the higher 
plant antenna 

‘The rapid reversibility of gE at the physio- 
logical level is thought to resuit from changes in 
the trans-thyiakoid ApH that occur, for example, 
during fluctuations in incident solar ux density. 
It has been proposed that two thylakoid inmen- 
‘exposed glutamate residues of the PsbS protein 
sense these changes in pH (27) and induce 
protein conformational changes that conto! qE. 
“Moreover, PsbS has recently been shown not to 
bind pigments (28) but to interact with CP29 
(29). Therefore, we propose that pH-dependent 
protein conformational changes that are trans- 
duced from PsbS to CP29 (and possibly other 
‘minor antenna complexes) can alter the coupling 
strength between chlorophylls AS and BS in 
CP29 and induce CT quenching during gE. 
‘Experiments that can directly probe the efficiency 
of CT quenching while modulating the electronic 
‘coupling between chlorophylls AS and BS can 
test this proposal. 
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Converging results based on theoretical 
calculations, molecular genetic analysis, and 
ultrafast spectroscopy have shown that the 
mechanism involving CT quenching in minor 
complexes is emerging as a key component of 
GE. Our results show that CT quenching can 
cccur in all three minor antenna complexes, 
Which are positioned between LHCI and the RC, 
a perfect seting for regulating excitation energy 
transfer to the RC. 
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Phosphorylation of Retinoblastoma 
Protein by Viral Protein with 
Cyclin-Dependent Kinase Function 


‘Adam J. Hume,? Jonathan S. 
‘Michael R. Culbertson,” Robert F. Kalejta™* 


kel,” Jeremy P. Kamil,” Donald M. Coen,? 


As obligate intracellular parasites, viruses expertly modify cellular processes to facilitate their 
teplication and spread, often by encoding genes that mimic the functions of cellular proteins while 
lacking regulatory features that modify their activity. We show that the human cytomegalovirus 
UL97 protein has activites similar to cellular cyclin~cyclin-dependent kinase (CDK) complexes. 
UL97 phosphorylated and inactivated the retinoblastoma tumor suppressor, stimulated cell cycle 


progression in mammali 


cells, and rescued proliferation of Saccharomyces cerevisiae lacking 


CDK activity. UL97 is not inhibited by the CDK inhibitor p21 and lacks amino acid residues 
conserved in the CDKs that permit the attenuation of kinase activity. Thus, UL97 represents 
a functional ortholog of cellular CDKs that is immune from normal COK control mechanisms. 


‘complexes are found in all eukaryotes 
‘and control cell cycle progression and 
other processes (/). In higher eukaryotes, a major 
target of the CDKs is the retinoblastoma (Rb) 
tumor-suppressor protein that controls progres- 
sion through G, phase of the cell cycle. The 
pathway controlled by Rb may be aberrant in 
‘most human cancers (2). Unphosphory‘ated Rb 
binds to E2F transcription factors, thus inhibiting 
the expression of genes required for DNA repli- 
cation and arresting cell cycle progression in Go 
or G, phase. During normal ce!l cycle progres 
sion, Rb is functionally inactivated by multiple 
phosphoryiations mediated sequentially by a se 
ries of CDK complexes (3). Phosphorylation of 
Rb disrupts complexes with E2Fs, allowing for 
cell eycle progression into S phase. To create an 
advantageous cellular environment for viral rep- 


Cancethot kinase (CDK) 
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ication, viruses can inactivate Rb through direct 
binding of viral proteins to Rb and the con- 
sequent disruption of Rb-E2F complexes, by 
‘causing Rb degradation, or through constiutive 
activation of cellular CDKs by virally encoded 
cyclin proteins (4, 5). Here, we describe a virally 
‘encoded protein kinase that directly phospho- 
sylates Rb, and we show that this kinase can 
substitute for CDKs during cell cycie regulation. 

Upon infection of quiescent cells with human 
‘cytomegalovirus (HCMV), unphosphorylated Rb 
is first degraded by p71 (6) and then phospho- 
rylated (7, 8) (Fig. 1A and fig. SI). Phosphory! 
ated Rb migrates more slowly during SDS~ 
polyacrylamide gel electrophoresis than does 
the unphosphorylated form of the protein, and 
itcan be detected in lysates from HCMV infected 
cells within 4 hours after infection (Fig. 1A). 
‘Three small: molecule inhibitors of CDK activity 
(roscovitine, olomoucine, and flavopirido!) in- 
hibited Rb phosphorylation induced by serum 
‘stimulation, but not phosphorylation induced by 
HCMY infection (Fig. 1B). Additional experi- 
‘ments with a pane! of 20 kinase inhibitors (table S1) 
revealed that only 2, G36976 and NGIC-, in- 
hibited Rb phosphorylation during HCMV infec 
tion (Fig. 1C). These drugs inhibit both cellular 
protein kinase C (PKC) and the HCMV protein 


Kinase UL97 (9), However, G57478, an inhibitor 
of PKC that does not inhibit UL97, did not re 
duce Rb phosphorylation in HCMV-infected cells 
Gig. 1C), Because an HCMV mutant lacking the 
UL9T gene (20) did not induce Rb phosphory!- 
ation (Fig. 1, D and E) and because of the pres- 
cence of tree potential Rb-binding motifs in UL97 
(ig. S2), we suspected that UL97 was required 
for Rb phosphorylation during HCMY infection. 

Phosphorylation of Rb on Ser”®°, Ser*”, 
Ser*", and Thr*™* inactivates the cell cycle” 
inhibitory and tumor-suppressor functions of Rb 
by disrupting Rb-E2F complexes (3), Allof these 
residues are phosphorylated in HCMV- infected 
ceils (Fig. 2A), Residues not known to modify 
Rb function upon phosphorylation, such as Ser” 
and Thr™, were not phosphorylated in HCMV- 
{infected cells but were phosphorylated in serum- 
stimulated cells (Fig. 2A). A recombinant HCMV 
in which the wild-type (WT) UL97 gene was 
replaced with an allele encoding a UL97 protein 
substituted at the active site Lys (Lys? 
Gin***; K3SSQ) failed to induce phosphorylation 
of Rb, but a WT revertant virus derived from the 
K3S5Q mutant did induce the phosphorylation of 
Rb (Fig. 2B). The UL97-K355Q mutant virus 
exhibited a growth defect similar to that of the 
UL97-mull virus, and the growth defect was 
rescued inthe revertant virus (fig. $3). The CDK, 
inhibitor flavopiridol again failed to prevent 
HCMV-induced phosphorylation of Rb in 
HCMVY- infected cells, but two dnugs that inhibit 
ULST kinase activity (G96976 and maribavit) 
did inhibit such phosphorylation (fg. S4). Thus, 
in HCMV- infected cells, kinase activity of UL97 
{s necessary for Rb phosphorylation on residues 
that inactivate its function. Rb degradation and 
phosphorylation in HCMV-infected cells are in- 
dependent events (fg. SI). 

We also tested whether ULS7 alone is sufi- 
cient to induce Rb phosphorylation. Transfection 
of expression plasmids for epitope-tagged wild 
‘ype [but not a catalytically inactive Lys! — 
‘Met*’’; K3SSM) mutant (J/)} induced the 
phosphorylation of cotransfected Rb on inacti- 
vating residues (Fig. 3A) in Saos-2 cells that are 
intrinsically unable to phosphorylate Rb. Drugs 
that inhibit UL97 panially suppressed Rb phos- 
phorylation when added to UL97-expressing 
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cells, but those that inhibit the CDKs or 
only PKC did not (Fig. 3B). The K35SM mutant 
protein was readily detected by protein immuno- 
blotting, but WT UL97 was consistently ex- 
pressed in lower amounts. Inhibition of Kinase 
activity of WT UL97 with drugs also seemed to 
allow accumulation of more protein (Fig. 3B), 
pethaps indicating that active UL97 is toxic to 
‘mammalian cells. Nevertheless, UL97 expres: 


Fi 


sion was sufficient to induce Rb phospho- 
ation. Purified UL97 phosphorylated an Rb 

fragmentin vio, a assayed by the incorporation 

of *P (Fig. 30), or with an antibody that 

cifically recognized Rb phosphoryiated on 

and Ser“ (Fig. 3D). Autophosphoryiation was 

also detected (Bg. S5). UL97 showed the same 


HCMV-infected cells (Fig. 3, C and D), and pu- 
fified catalytically inactive (K35SQ) UL97 failed 
to phosphorylate Rb in vitro (Fig. 3, C and D) 
‘These results make it unlikely that a copuritying 
insect kinase phosphorylated Rb in this assay 
ULS7 directly phosphorylates Rb on inacti- 
vating residues, an activity shared by cellular 


1. Requirement of viral UL97 protein kinase, but not 
cellular CDKs, for Rb phosphorylation in HOMV-infected 
cells. (A) Subconfluent human fibroblasts. deprived of 
serum (ssHFS) were mock-infected (MD, infected with HCMV 
(V0 at a multiplicity of infection (MO) of 3, or stimulated 
With serum (S). Lysates prepared at the indicated times (in 
hours) were analyzed by Western blots. The Rb antibody 
(4H) detects all forms of the protein. Virion-detivered 
pp71 (71) and newly synthesized 1E1 are viral proteins, and 
tubulin (tub) isa loading control. (B) Cells treated asin (A) 
were also incubated with the CDK inhibitors roscovitine (R), 
colomoucine (0), or flavopiridol (F). Proteins in lysates 
harvested at 6 hours from virus-infected cells or 24 hours 
from uninfected cells were analyzed by Western blots. 
Dashes indicate no drug treatment. (C) ssHFs treated as in 
(Ad were also incubated with the PKC inhibitors G86976 (2), 
G57874 (2), or NGIC-1 (3), and proteins from lysates 
collected after 6 hours were analyzed by Western blots. 
Expression of the viral UL97 protein is confirmed with 2 
UL9T specific antibody. (D) ssHFs were mock infected or 
infected with WT HCMV or a UL97-null virus (A97) at an 
‘MO! of 1. Proteins from lysates collected at the indicated 


spectrum of sensitivity to kinase inhibitors in 
vitro as was observed for Rb phosphory‘ation in 


CDKs, Therefore, we tested whether UL97 rep- 
resents a functional CDK ortholog by testing if 
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hhour were analyzed by Westem blots. (E) ssHFs were 
treated as in (D), and proteins from lysates harvested on the indicated day after infection were analyzed by Westem blots. Viral late gene expression was 
confirmed by detection of the viral pp28 protein (28). 
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infected cells. (A) ssHFS were mock infected (WD, 
infected with HCMV (V) at an MOI of 3, or stimu- 
lated with serum (5). Proteins from lysates pre- 
pared at 24 hours were analyzed by Western blots 
with control antibodies (IE1 and tub) and anti- 
bodies specific forall forms of Rb (Rb), Rb phos- 
phorylated on Ser?" and Ser? (249), on Ser® 
(780), on Ser” and Ser*** (807), or on ThA? 
(822). (B) ssHFs were mock-infected, serum- 
stimulated, infected with 2 recombinant HOMV 
expressing a substituted form of UL97 (K355Q) 
that lacks kinase activity (K) or a WT revertant of 
the K255Q virus (R). Proteins from lysates har- 
vested at 24 hours were analyzed by Western blots. 


Fig. 3. Phosphorylation of Rb in vivo and in vitro by ULS7. (A) Proteins from lysates of Saos-2 cells 
transfected with an Rb expression plasmid and either an empty vector (EV) or expression plasmids for V5- 
epitopetagged WT (97) or catalytically inactive (KAM) UL97 were analyzed by Western blots with the 
indicated antibodies. (B) Thity hours after transfection as above, cells were left untreated (-) or treated 
with G66976 (G6), G57874 (G7), NGIC- (NG), flavopridol (7), marbavir (Mb), oF roscovtine () for 18 hours 
before harvesting lysates and analysis of proteins by Western blots. (C) Purified GST-UL9T kinase was 
incubated in vito with a His-tagged Rb fragment ina kinase reaction supplemented either with dimethyl 
sulfoxide [DMSO (0)] or the indicated drugs. Purified catalytically inactive GST-UL97-K355Q was also 
analyzed (K/Q). Transfer of radiolabeled phosphate (“P) to Rb was detected by phosphorimaging, and 
total Rb was detected by Coomassie staining (Cm). (D) Samples from an in vitro kinase assay containing no 
added kinase (), WT GST-UL97 (97), WT GST-UL97 plus maribavir (97N), or the catalytically inactive 
‘mutant UL97 (K/Q) were analyzed by Western blots for total Rb or Rb phosphorylated on Ser” and Ser®* 
(on. 
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Fig. 4. COKtike activity of HOMV UL97. (A) 
Saturated cultures ofthe yeast temperature- 


sensitive strain carrying cdc28-13 and har- 
boring a plasmid without a transgene (V) 


‘or one expressing WT UL97 (97), catalytically 
inactive UL97 (KM), HCMV pp71 (71), or 
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UL9T could rescue the cell cycle defect of yeast 
lacking CDK activity. A yeast mutant (12) with a 
temperature-sensitive allele of the single CDK 
gene (cde28-13) arrests in G, as unbudded cells 
a the restrictive temperature (Fig. 4A and fig. $6). 
Expression of human Cak1 or WT UL97 allowed 
the cells to remain cycling at the restrictive tem- 
perature (Fig. 4A). Catalytically inactive UL97, 
or the viral pp71 protein (6), failed to rescue the 
cell cycle defect. UL97 also stimulated the cell 
cycle of mammalian cells (Sg S7). The fimetion- 
al properties presented here lead us to conclude 
‘that UL9T is a viral CDK functional ortholog 
We expanded an alignment (13) of the kinase 
subdomains of UL97 with four cellular Ser/Thr 
kinases (including Cdk2) to inciude the interven 
ing sequences (fig. S8). Our analysis suggested 
that UL9T isnot subject to the regulatory mech- 
anisms that control CDK activity (14), and we 
confirmed that prediction. UL97 lacks most of 
the residues of Cdk? that make contacts with 
cyclin A, including the conserved PSTAIRE (5) 
‘helix required for cyclin binding (/6), indicating 
that UL9T is unlikely to bind to cyclins. Because 
cyclins did not copurify with UL97 during tan- 
dem affinity purification (17) and because of the 
high activity of UL9T on Rb in vitro (Fig. 3, C 
and D) in the absence of a cyclin, we conciude 
that UL97 does not require cyclin binding. for 
activity. The affinity of CDKs for cyclins is 
enhanced by CDK activating kinase (CAK)- 
mediated phosphorylation (18) of CDKs on 
‘Thr’, Neither the Thr nor any of the three Arg 
residues of CDXKs that coontinate the phosphate 
(16) are conserved in UL9T (fig. $8). Because 
‘avopiridol and roscovitine, both CAK inhibitors 
(28), do not inhibit the ability of UL97 to phos- 
phorylate Rb in vivo (Figs. IB and 3B and fg. $4, 
wwe conclude that CAK-mediated phosphory 
ation does not activate UL97. CDK activity is 
attenuated by phosphorylation on Tyr* during 
Gy phase of the cell eyele and in response to 


2 cellular Cdk1 (CDI0, each under the con- 
trol ofa galactose-inducible promoter, were 
diluted into galactose-induction medium 
for one doubling atthe permissive temper- 
ature and then switched to the restrictive 


=p 


‘temperature. The number of budded cells 
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ba the temperature shift (top) and 5 hours later (bottom) is shown. (B) Proteins from lysates of Saos-2 cells transfected 
with an Rb expression plasmid and either an empty vector (-) or expression plasmids for VS-epitope-tagged WT UL97, 
hhuman cyclin A (A), or the CKI p21 were analyzed by Westem blots with the indicated antibodies. (C) In vitro kinase 
50] activity of cyclin E/Cdk2 oF UL9T in the presence of increasing amounts of p21 was determined as in Fig. 3C. The kinase 
activity in each lane is shown as a percentage (%) of the no-p21 lane for each set of reactions. NK, no kinase. 


radiation (79). UL97 has a Phe substinution (ie. SS) 
‘and thus camot be phosphorylated at this site 
ULS7 (Bg. S8) lacks most ofthe conserved CDK 
residues (J, 14) that interact with members of 
both classes of CDK inhibitors (CKIs). p21, a 
potent CKI (20), did not ficient inhibit UL97- 
‘mediated phosphory‘ation of Rb in vivo (Fig. 4B) 
or in vitro (Fig. 40). 

ULST isa viral CDK ortholog that is immune 
from normal cellular contro! mechanisms that 
attemtate CDK activity and represeats a pi 
ously unknown mechanism through whi 
viruses regulate the cell cycle. The remote se- 
‘quence similarity between CDKs and conserved 
herpesvirus protein kinases (CHPKs) such as 
UL97 led others to speculate that CHPKs may 
mimic CDK fimction (/3). We provide direct, 
‘experimental evidence that UL97 is finctionally 
‘orthologous to cellular CDKs. ULS7 is a target 
for anti-HCMV therapies because it phospho- 
rylates (and thus activates) the antiviral drug 
ganciclovir (2/) and because it is inhibited by 
‘maribavir (22). UL97 may also be usefull as a 
tool to study the inactivation ofthe Rb pathway 
by phosphorylation, to identify other eritical 
substrates of CDKs, and to probe the evolu- 
‘tionary relationships between viral and host 
ccell kinases. 
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Adaptive Phenotypic Plasticity in 
Response to Climate Change in a 
Wild Bird Population 


‘Anne Charmantier,* Robin H. McCleery,7t Lionel R. Cole,* Chris Perrins,* 


800 


Loeske E. B. Kruuk,? Ben C. Sheldon™* 


Rapid climate change has been implicated as a cause of evolution in poorly adapted 
populations. However, phenotypic plasticity provides the potential for organisms to respond 
rapidly and effectively to environmental change. Using a 47-year population study of the great 
tit Parus major) in the United Kingdom, we show that individual adjustment of behavior in 
response to the environment has enabled the population to track a rapidly changing environment 


very closely. Individuals were markedly invariant in their response to environmental va 
suggesting that the current response may be fixed in this population. Phenotypic plasti 


tion, 


thus play a central role in tracking environmental change; understanding the limits of plasticity is 


an important goal for future research. 


changes in climate have had notable effects 

‘on the behavior and distribution of mumer- 
cous plant and animal species (/-3). Less well 
established is the mechanism by which these 
effects arise and the consequences that they 
have for population persistence. Two contrast- 
fing, but nonexclusive, mechanisms that can 
explain population responses to climate change 
are () a microevolutionary response to natural 
selection and (i) phenotypic plasticity. Under- 
standing the role that these mechanisms play, 
and their consequences for population mean fit 
ness, is important for understanding the cument 
and likely future consequences of climate 
change, because it illustrates the extent to which 
populations are subject to changing natural 
selection resulting from changing environments 
@, Some recent studies present evidence that 
climate-driven changes in the mean behavior of 
populations are genetically based (5-7), but other 
studies have suggested that individual plasticity 
can largely account for population responses to 
climate change (8-10). 

Studies of the timing of breeding of binls 
have been an important mode! for characterizing 
the effects of climate change, because long time 
series are available and because the behavior of 
individually marked birds can be studied across 
environments (1/15). In addition, timing of 
breeding offen has a strong connection to re 
productive fimess. This is especially true for 
{nsectivorous binds that rely on a short period of 
{insect abundance to feed their young; these binds 


I is widely acknowledged that recent global 
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‘need to time their reproduction to match the timing 
‘of organisms belonging to several different troph- 
ic levels, which might easily become dissociated 
(U3, 15, 16). We report exceptionally close 
tacking of a rapidly changing environment— 
‘over almost five decades—by a population of 
great tits (P. major), accomplished by phenotypic 
Plasticity alone 

In common with some other populations for 
‘which long time series are available, the popu- 
lation of great tts breeding at Wytham, near 
‘Oxford, UK, shows a marked change in mean 
date of breeding over time. Over the past 47 years 
(1961-2007), the mean egg-laying date of fe- 
males has advanced by about 14 days, which is 
‘equivalent to a change of more than two SDs in 
the mean (Fz44~ 13.89, P < 0.0001; Fig. 14); 
the advancement of mean breeding date appears 
to begin in the mid-1970s. Previous work in this 
population (12, 17) and the current extended data 
suggest that this is due to a tight relationship 
between mean laying date in the population and 
the temperature in the period preceding egg 
laying (F — -0.85, n — 47 years, P < 0.0001; 
‘Fig. IB). There has been a marked change in the 
pre-laying temperature over the period (F244 — 
12.26, P < 0.0001 ith a Ts 
increase since the 
0.66, n= 33 years, P< 0.0001). 

‘Over the same period at this site, the half fll 
date {a standard measure of the timing of the 
peak of larval biomass (/8)] of winter moth 
(Operophtera bramata) larvae—a key food re- 
source for the rapidly growing offspring of the 
great tithas shown a similar pattem of change 
(F230~ 14.09, P <0.0001; Fig. 1D) to that of 
the great tit mean laying date. The half-fall 
date of the winter moth shows a similarly strong 
comelation with the early spring temperature (7 = 
—085, n=33 years, P< 0.0001; Fig. 1E), as was 
found for the mean laying date of great tits 
Moreover, the rates of change in the birds’ mean 
laying date with temperature [-0.074 + 0.007 
(SE) days °C] and the caterpillars’ half-fall 


dte with temperature 0,081 + 0.009 days °C") 
are similar. The result is that mean laying date and 
halffall date are closely matched within years (r= 
0.79, n= 33 years, P < 0.0001; Fig. 1F). Most of 
the mismatch is explained by differences in spring 
temperatures afier birds have laid but before 
the caterpillar halffall date (17), for which birds 
are partly able to compensate by adjusting the 
timing of clutch incubation (19). Unlike some 
other populations of passerine birds (13, 15, 20), 
there is no evidence that the synchronization of 
binds’ laying dates with the timing of caterpillar 
emergence has worsened over time, because the 
{interval between the mean laying date and half- 
fall date has not changed over the course of the 
study (Fs: ~ 0.03, P= 0.86; quadratic (F230 
2.01, P= 0.15) and higher onder (Fa39 = 147, P= 
0.24) models provide no better fit to the data]. 

‘The 47-year sequence of our study includes 
the two warmest early springs (mean of March 
and April temperatures) in the world’s longest- 
rninning instrumental temperature record: the 
349-year Central England Temperature data set 
(2). Hence, the great tits have closely tracked 
the temporal change in the emergence of a key 
food source over almost five decades, during 
which there have been marked changes (includ- 
{ng conditions that have, in an historical context, 
been unusual) in the environment and in the 
behavior of both birds and insects 

‘The importance of close temporal tracking of 
the emergence of the main food source is il- 
Iustated by the strong relationship between the 
strength and form of natural selection on laying 
date, and the interval between mean great tit 
laying date and winter moth half-fall date. In 
years in which this interval is relatively short, 
natural selection on laying date is strongly 
directional, favoring those birds with the earliest 
breeding dates [ie., with the largest intervals 
between laying and the half-fall date (Fi30 ~ 
40.27, P < 0.0001; Fig. 2A)}; most of the 
population breeds too late for the peak in food 
abundance. In years where the interval between 
egg laying and caterpillar half-fall is relatively 
large, natural selection is less strongly direction- 
al (Fig. 2A), suggesting that more of the 
population has bred in time for the peak. In ad- 
dition, the second moment of selection changes 
from positive to negative as the interval in- 
creases. This indicates a switch from a convex 
relationship between laying date and fitness 
(uch that when caterpillar half fall occurs soon 
after mean laying, all but the very earliest birds 
fare pooriy) to a concave one (such that, with a 
very long interval, fitness is reduced for the very 
late and very early breeders) (Fi.30 = 6.08, P= 
0.020; Fig. 2B: insets contrast selection in the 
most extreme years). This suggests a simple 
evolutionary mechanism by which a close match 
in timing of breeding in birds and the emergence 
of their food supply might be achieved, because 
‘years in which birds breed too late on average 
‘will be accompanied by the strongest selection 
for earlier breeding, whereas selection will act 
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‘most strongly against the earliest breeders when 
the lag between breeding date and the caterpillar 
timing is largest. 

‘The mean number of offspring recruited per 
brood was significantly lower in years in which 
selection was more strongly directional (F,44 — 
12.56, P = 0,0009; Fig. 2C) and tended to be 
lower in years with a shorter interval between 
‘mean laying date and half-fall date (F30—3.56, 
P= 0.07). As expected, because of the tracking 
of the timing of the food source over time, there 
fs no evidence that the strength of selection on 
laying date has changed with time (F;, ««~ 0.86, 
P= 036), Various measures of population fit- 
mess suggest that this population is thriving: 
‘Population size has increased markedly overtime 
(estimated from 1964 since when there has been 
a constant availabilty of nest sites: F «2 — 57.56, 
‘P-<0,0001). Further, the mean recruitment suc- 
cess of birds (mean offspring per breeding at 
tempt recruiting to the adult population) has 
{increased markedly over time, when recruitment 
rate is comected for the counteracting negative 
effect of increased population size (increase in 
recruitment with time = 0.019 + 0.005 offspring 
per year: F,4s ~ 11.74, P = 0.001 
popilation size on mean recruitment 
0.0009: F,43 ~ 9.52, P= 0.0035). The pattems 
documented for this population are in marked 
contrast to those from a wellstudied Dutch 


population of great tits, where caterpillar pheno!- 
‘ogy has shifted forwand at three times the rate of 
great tit laying dates (22), resulting in markedly 
increased selection for early breeding (13), while 
mean fitness has declined (14). 

‘Several lines of evidence suggest that the 
population-level response to spring waning 
‘over 47 years in the Wytham great tt population 
‘can be entirely explained by individual plasticity 
in behavior. First, when we considered the po- 
tential magnitude of individual plastic responses, 
‘which was estimated from individuals that bred 
in multiple years, the slope of the relationship 
between within-female changes in breeding date 
and interannual changes in warmth sum (0.071 + 
0,009 days °C; F; 42 = $7.81, P< 0.0001; Fig. 
2D)—a direct estimate of phenotypic plasticity — 
is closely similar to the slope of the relationship 
‘between mean breeding date and warmth sum at 
the population level (0.074 + 0,007 days °C’) 
Second, the strong correlation between mean 
laying date and spring temperature (Fig. 1B) im- 
plies a plastic response and not microevolution, 
because there would be mismatches in the re- 
sponse in a population where the phenotype in 
‘year N was a function of selection in year N-1, 
‘when the environment varies considerably from 
‘year to year (Fig. 1C). Finally, the rate of phe- 
notypic change is too rapid to be explained by 
natura selection without selection being much 
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breeding time is sex-limited, with a heritability of 
0.16 + 0.06 (23), and because mean generation 
time in great tits is about 2 years, a change of 
2 SDs in 47 years would require a mean stan- 
dandized selection differential at least four times 
that observed (18). 

Our analyses show that the sustained re- 
sponse to changing environmental conditions in 
this population can be explained by adaptive 
individual phenotypic plasticity alone, but it re- 
‘mains possible that a changing environment may 
select for differing pattems of plasticity among 
individuals. Although very litle is known about 
the basis of plasticity in free-ranging populations 
of animals, a few recent studies of natural popu- 
lations of vertebrates have estimated individual 
variability in response to environmental change 
via linear mixed modeling approach (I4, 24-27) 
This approach allows the estimation of individual 
“reaction norms” to environmental variables and 
hence the quantification of the causes and selec- 
tive consequences of between individual varia- 
tion in plasticity. Although there is a strong 
response to spring temperature variation at the 
population level, individual female great its from 
the Wytham population show no detectable 
variation in their response to spring temperature 
(Table 1). Linear mixed models on laying date 
that used 2258 breeding records from 644 fe- 
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‘1. Changes over time in temperature during the pre-laying period, assessed well as the interrelationships between spring warmth sum and mean laying date 


i 
by spring warmth sum (sum of daily maximum temperatures between 1 March 
and 25 Apri (O, mean laying date of great ts (A), and halffall date of winter 
‘moth caterpillars (0) at Wytham, near Oxford, UK, between 1961 and 2007, as 


(), warmth sum and halffall date (B, and mean laying date and hall-fall date 


(P). The numbers in the panels give the proportion of variance () explained by 
the regression model; lines are bestfttng linear or quadratic models. 
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2. Synchrony between great tt laying and caterpillar emergence: consequences for natural se- 
lection, population recruitment, and the mechanism underiying synchrony. (A and B) Relationship 
between synchrony of great tit egg laying and caterpillar half-fall date and the standardized selection 
differential on egg-laying date (A) or the standardized nonlinear selection differential on egg- 
laying date (B). Error bars indicate + 1 SE. The interval between mean laying date and the half-fall 
date explains a large amount of the annual variation in the strenath of directional selection [(A) 
0.76, n = 32 years, P < 0.0002], but as the interval changes from small to large, selection on 
laying date changes in form from strongly directional [(B) inset () from 1964, the year with the 
smallest intervab] to stabilizing [(B) inset (ii) from 1983, the year with the largest intervall; curves 
are fitted values from a general linear model with Poisson error. (C) Years with strong directional 
selection are years with reduced recruitment to the breeding population. (D) Relationship between 
‘the mean difference in laying date for individuals observed in successive years and the difference 
in spring warmth sum in the same pair of years (r = -0.76, n = 44 years, P < 0.0001). Error bars 
indicate #1 SE. 


Table 1. Linear mixed-effects models of plasticity in egg-laying date with response to. spring 
warmth sum for 644 females that bred in three or more years, observed on a total of 2258 
‘occasions between 1961 and 2004. All three models control for several fixed effects (18). Model 
comparison is hierarchical, from the most simple to the most complex. There is strong support for 
differences between years in mean egg-laying date, and for differences between females across 
years, but there is no evidence that individual females differ in their response to spring temper- 
ature. NA, not applicable; df, degrees of freedom. 


Likelihood ratio test 


Random terms in model Log (likelihood) iii Tasaiaed ails 
‘Minimal modet 
NA 5382.0 NA NA 
Linear mixed-effects models 
Year S154 1 3732" 
Year, female 5089.9 1 2109" 
Year, female, female x warmth sum 5088.1 2 37 


wp < 0.0001. 


males with three or more breeding attempts 
between 1961 and 2004 showed significant vari- 
ation between females in their average laying 
date but not in the slope of their response to 
changes in spring temperatures (Table 1). This 
conclusion is independent of several alternative 
methods of expressing individual plasticity, alter- 
native methods of analysis, and expansion of the 
data to include all females (n = 1746) that were 
observed breeding in multiple years (18). 

Our results contrast with those reported by 
Nussey ef al. (14) for a Dutch great tit popu- 
lation in which there was considerable individual 
variation in the slope of the laying-date temnper- 
ature reaction norm (Fig. 3). In the absence of 
evidence for significant individual variation in 
response to the environment, the value of further 
analyses of individual reaction norms is debat 
able at best (27). In any case, such analyses yield 
no evidence of heritability of, or selection on, 
variation in the response mechanism in this 
population of great tts, again in marked contrast 
to results from the Dutch population (28). Hence, 
these two populations differ markedly in the 
extent to which individuals vary in their response 
to spring temperature. In the British population, 
females are relatively invariant, but the mean 
population response is highly adaptive; in the 
Dutch population, there is marked variation 
among females, but the mean population response 
does not rack the environment sufficiently closely, 


> 


Laying date 
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Fig. 3. Illustrative plots of the variance and 
covariance in average laying date (intercept) and 
slope (plasticy) in the laying-date response to 
increasing spring temperatures for UK (A) and 
Dutch (B) great tit populations. Dashed lines 
represent examples of reaction norms for four 
individual females, whereas solid lines represent 
the average population response. 
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with the result that the reaction nom is under 
increasingly strong selection for increased respon- 
siveness, and fimess has declined comespondingiy 
(14,22. 

Relative invariance in the individual re- 
sponse to temperature is conceivably the result 
of past selection to optimize the reaction norm 
of the British population of great tits. As docu- 
‘mented from the close association between the 
timing of their food supply and the egg laying 
of the birds over almost five decades—despite 
‘marked changes in the typical early spring tem- 
peratures (an increase in the mean warmth sum 
by 127 degree days from 1961 to 2007: a change 
of L8 SDs}—the cument response mechanism 
appears to be adaptive. However, the relative lack 
of variation in plasticity in British great tits 
suggests that although birds are currently very 
well adapted to present environmental conditions 
and to the rate of change in those conditions over 
the past three decades, selection for an altered 
pattem of plasticity would be very inefiicient. 
The difference between two well-studied pop- 
ulations of the same species in their response to 
similar cues, and indeed even in the presence of 
variation in this response, is notable and suggests 
that within-species variation in responses to 
climate change deserves further investigation 
(IS, 28). More generally, the role of phenotypic 
plasticity in allowing populations to track envi 
ronmental changes deserves further attention. 
Whereas some populations are poor'y adapted 
to changes that have occurred (5), with potential 


consequences for their range and persistence (3), 
other species may be able to cope with a wider 
range of environments. Studies of the phenology 
of different pans of trophic systems offer an im- 
portant opportunity to determine whether changes 
‘occur at appropriate rates and whether the close 
‘matching demonstrated in the British population 
{is umusual (4). Long-term studies of marked 
dividuals in wild populations, for which detailed 
knowledge of ecological processes relevant to 
these populations can be combined with measures 
of fitess, offer many opportunities to increase 
‘our understanding of the importance of this 
process, 
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Temperature Sensing by an Olfactory 
Neuron in a Circuit Controlling 
Behavior of C. elegans 


Atsushi Kuhara,** Masatoshi Okumura,** Tsubasa Kimata,? Yoshinori Tanizawa,*t Ryo Takano,* 


Koutarou D. Kimura,"t Hitoshi Inada,"5 Kunihiro Matsumoto,” Ikue Mori 


‘Temperature is an unavoidable environmental cue that affects the metabolism and behavior of any 
creature on Earth, yet how animals perceive temperature is poorly understood. The nematode 
Caenorhabditis elegans “memorizes” temperatures, and this stored information modifies its 
subsequent migration along a temperature gradient. We show that the olfactory neuron designated 
AWC senses temperature. Calcium imaging revealed that AWC responds to temperature changes 


and that response thresholds differ depen 


1g on the temperature to which the animal was 


previously exposed. In the mutant with impaired heterotrimeric guanine nucleotide—binding 
protein (G protein)-mediated signaling, AWC was hyperresponsive to temperature, whereas the AIY 
interneuron (which is postsynaptic to AWC) was hyporesponsive to temperature. Thus, temperature 
sensation exhibits a robust influence on a neural circuit controlling a memory-regulated behavior. 


tivated ata certain temperature, ranging from 

15° to 25°C, for 3 hours with bacteria as food 
source and are then placed on a temperature 
gradient from 15° to 25°C, most of the animals 
migrate to the previous cultivation temperature 
ig. 1) (1). This behavior is called themmotaxis, 
and its plasticity provides an opportunity to 


I wild-type C. elegans individuals are cul- 


understand molecular and neural circuit mecha- 
‘isms of thermosensation, learning, and memory 
(3). By ablation of particular cells with a laser 
microbeam and evaluation of the consequent be- 
havioral effects, a simple neural circuit essential 
for thermotaxis has been identified (Fig. 2A) (3) 

Although wildtype animals migrate up or 
down the temperature gradient until reaching their 


cultivation temperature, nj8 mutants that were iso- 
{ated in.a genetic screen for thermotaxis-defective 
‘mutants migrated toward colder temperatures 
than those to which they were previously exposed 
Gig. 1, B, D, and E). The 798 mutation come- 
sponded to a nearly loss-of-function mutation in 
the eat-I6 gene encoding a homolog of the 
mammalian regulator of G protein signaling 
(RGS) proteins, which are negative regulators 
for the a subunit ofthe G proteins (4), 

A fiusion gene encoding wild-type EAT-16 
fused to green fluorescent protein (eat-16::2fp), 
‘Which is under the control of the eat-16 promoter, 
was broadly expressed in neurons (fig. S2A). To 
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{identify neurons in which EAT-16 is required 
for thermotaxis, we expressed eat-16 cDNA in 
eat-16¢nj8) mutants with neural promoters to 
drive EAT-16 expression in various sets of neu- 
rons (Fig, IE and fig. S2B), Expressing EAT-16 
fn nearly all or in many neurons restored the 
normal migration of eat-6 mutants toward their 
cultivation temperature (Fig. 1E). Although ex- 
pression of EAT-16 in several subsets of neurons, 
{including neurons essential for the neural circuit 
controlling themotaxis (Fig. 2), did not restore 
the normal migration of eaf-I6 mutants, expres: 
sion of EAT-16 from odr3, gpa-13, and odr-1 
promoters (5-7) did (Fig. 1E). These three 
promoters allow the expression in a single type 


Fig. 1. Thermotaxis behavior of C elegans. (A) 
Procedure forthe population thermatanis assay (22). 
A linear temperature gradient was established along 
‘the 14-cm agar surface in the thermotaxis (TT plate 
(20 cm by 14 cm). The steepness of temperature 
gradient was kept at 0.44°Cicm. Animals cultivated 
at 17°, 20°, of 23°C were placed at the surface of 
agar at 20°C and left for 60 min. The TIX plate was 
divided into eight regions with scores from —4tD +4, 
and the TIX indet was calculated as shown. (B) 
Distributions (lef) and TIX indices (ight of the 
animals cutvated at 17°, 20°, or 23°C. Error bars 
indicate SEM. n = 545 to 1063 animals for each 
genotype. Single and double astersts indicate P < 
(105 and P < 0.01, respectively, in an analysis of 
variance (ANOVA) for multiple comparisons (ee 
SOM). (C) Single-animal thermotaxs assay with 2 
racial temperature gradient (22). The assay plate (a 
‘Scm-diameter petri dish) was divided into three 
areas: 0 to 15 cm (at about 17°C), 1.5 to 3 cm (at 
about 20°O, and 3 to 4.5 cm (at about 25°0— 
indicated as blue, yellow, and orange areas, 
respectively—as measured from the center of the 
plate (left pane. The steepness of temperature 
Gradient was not linear. A single animal was placed 
(on the “x” indicated on the assay plate. Animals’ 
tracks were categorized into four groups. Animals 
‘that moved only within the blue, yelloe, or orange 
areas were classified as “17,” “20,” or “25,” 
respectively. Animals that moved randomly, or 
within both 17° and 25°C regions, were classified 
as "17/25" (further classified in detail as shown). (D) 
‘The tracks of wild-type or eat-16 mutant animals 
in wiich the indicated neuron was ablated. All 
the animals were cultivated at 20°C before the 
radial gradient assay. (E) Cell-specific rescue 
experiments for defective thermotaxis of eat-26 
‘mutants on a radial temperature gradient. Each 
animal was cultivated at 20°C. n = 60 to 514 
animals for each genotype. Error bars indicate 
SEM. Double asterisk indicates P < 0.01 in 
ANOVA for multiple comparisons. 


of sensory neuron: AWC, which is characterized 
as am olfictory neuron (Fig. IE and fig. $2B) (8) 
These results suggest that eat16 acts cell- 
‘auionomously in AWC sensory neurons and that 
EATI6RGS is required in AWC for thermnotaxis. 

Using Ca*” imaging, we tested whether 
AWC responds to temperature. We monitored 
‘emperature-evoked changes in the intracellular 
concentration of free Ca” in ntact AWC neurons 
‘with a genetically encoded Ca** indicator: ca- 
meleon (Fig. 3, A to D) (9). The Ca" concen- 
tration in the AWC neuron of wild type animals 
increased upon warming and decreased upon 
cooling (Fig. 3, A and B, and fig. $3). We also 
tested whether two other sensory neurons 


respond to temperature, Although the responses 
of the ASE neuron were minimal, the small 
responses of the ASH neuron were detected 
(20, 11) (Fig. 3B). This weak responsiveness may 
implicate the possibility that temperature infor- 
‘mation is conveyed by multiple sensory neu- 
rons. AWC neurons in eaf-16 mutants were 
hyperresponsive to temperature changes (Fig, 
3C). Thus, the EAT-16 RGS protein appears to 
negatively regulate temperature detection in 
AWC neurons of wild-type animals. AWC neu- 
rons responded to increments of warming above 
a threshold temperanure that is set by the culti- 
vation temperature (Fig. 3D). Consequently, ther- 
‘al responses of AWC are modulated by memory 
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of the past cultivation temperature, similar to 
those of the major thermosensory neuron AFD 
(12, 13). 

In the neural circuit model for themnotaxis, 
the presence of a second thenmosensory neuron 
‘with a less critical role than that of the AFD 
neuron has been proposed (Fig. 2A) (3). To test 
‘whether this unidentified themosensory neuron 
might be the AWC neuron, we conducted laser 
ablation experiments (3). Although ablating AFD 
neurons of wild-type animals resulted in aberrant 
migration (Figs. ID and 4A) (3), ablating AWC 
neurons of wild-type animals did not cause de- 
tectable defects in a radial gradient assay (Figs. 


1D and 4A). Ablating both AFD and AWC neu- 
rons in wild-type animals resulted in no temper- 
‘ature preference (Figs. ID and 4A): a phenotype 
similar to that caused by mutations in the ax-# 
‘gene encoding a guanosine 35”-monophosphate 
(CGMP)-gated channe! that is expressed in both 
AFD and AWC neurons (Fig. 4B) (/4). More- 
‘over, ablation of AWC neurons in eat-/6 mutants 
restored normal migration to the rmutant animals 
(Figs. 1D and 4A). Thus, our ablation results are 
consistent with the notion that AWC is a sec- 
‘ondary thermosensing neuron. 

protein signaling (which increases the intra- 
cellular concentration of GMP) is required for 
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olfactory signaling in AWC neurons (Fig. 2B): 
ODR1 guanylyl eyelase (GCY) and TAX4 
cGMP-gated channels are localized at the AWC 
sensory endings where odorants are initially re- 
ceived, and mutations in genes encoding either of 
these proteins lead to defective behavioral re 
sponses to AWC-sensed odorants (6, 7, 14). odr-1 
mutants exhibited almost normal themotaxis 
afier cultivation at 20°C (Fig. 4, B and C, and 
fig. S4, B and C), and rav-f mutants were not 
responsive to temperature (Fig, 4, B and C) (14), 
GCY-23, GCYS, and GCY-18 all localize at sen- 
sory endings of AFD neurons and are required for 
thermosensory signaling in AFD (15). The gey-23 


Fig. 2. A neural circuit 
‘model controling thermo- 
taxis and olfactory sig- 
naling. (A) The simplified 
‘original neural circuit mod- 
el for thermotaxis (3). Tem- 
perature is sensed by AFD 
and an unidentified "x" 
sensory neuron. The acti 
vated AIY-RIA circuit accel- 
erates the movement to 2 
temperature higher than 
the cultivation temperature 
(thermophilic drive or "T'), 
the activated AIZ-RIA circuit 
accelerates the movement 
toa temperature lower than 


A B 


the cultivation temperature (ryophilic drive or “C"), and the RIA interneuron integrates thermal signaling of 


“T" and °C." (B) A model for G proteincGMP-mediated olfactory signaling in AWC. 


gor8 gorJ8 tiple mutant showed abnormal 
migration, quite similar to that of wild-type 


Odorant animals in which the AFD neuron was ablated 

v Fg. 4, A and B) (15). Mutation in the adr-1 gene 
Cdorant Feceptor enhanced the severity of the thermotaxis defect 
v of gey-23 gev-8 gey-18 triple mutants, because 

Ge dde-S ——_-gey-23 gey-8 gey-18; odr-I quadruple mutants 

v ‘Were unresponsive to temperature, similar to that 

Sack oars observed in wild-type animals in which the AFD 
v and AWC neurons had been ablated or in ax-4 

GMP mutants (Fig 4, A and B). odr-J mutation 

v suppressed abnormal migration of eaf-16 mi- 

aed tants, and fax-7 is epistatic to eat-16 (mutation in 

v tax-4 masks the effects of mutation in eat-16) 

caze (Fig. 4C and fig. S4B). Thermal responses of 

v AWC in fax-4 mutants revealed by Ca" imaging 
Offactory signaling were diminished (Fig. 3C and fig. $3, B and C) 


‘Thus, mutations in odr-/ and tax-4 likely intemupt 
AWC thenmosensory function, futher suggesting 
that temperature signaling may occur through a 
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2.27 for ASE, and 5.35 2.12 for ASH. n = 14 to 17 animals. (C) Changes in 
Ca?* concentration. The average of maximum ratio change from baseline + 
SEM was 17.529 + 2.07 for wildtype, 25.81 + 2.14 for eat-16, 6.72 £1.33 
for odr-3, 4.01 + 2.29 for tar-4, and 27.74 + 7.42 for wild type expressing 
excess ODR-3 in AWC. n = 13 to 17 animals. (D) Response of AWC neurons to 
steplike temperature changes above a threshold temperature that nearly 
corresponds to the cultivation temperature. The average of maximum ratio 


change from baseline + SEM was 26.61 + 2.45 for a 15°-cuttvated animal, 
17.78 + 2.69 for a 20"cultivated animal, and 3.70 + 2.34 for a25°-cultivated 
animal = 10 to 12 animals. (E and F) Ca* imaging in AIY and AIZ neurons. 
‘The average of maximum rato change from baseline SEM was 10.87 + 1.10 
for wildtype (AIY), 2.67 + 0.83 for eat-26 (AIY), 10.42 + 1.52 for wild type 
(AID), and 9.35 + 1.13 for eat-16 (AID. n = 15 to 16 animals. 
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cGMP signaling similar to that mediating odor 
sensing (Fig, 2B). 

We explored Gat proteins mediating AWC 
thermosensation by examining Ga genes— 
‘gpa-7, odr-3, gpa-2, and gpa-13—that are ex- 
pressed in AWC neurons (5, 7, 16). After cul- 
tivation at 20°C, gpa-7 and odr-3 mutants showed 
nearly normal thennotaxis, whereas gpa-? and 
‘gpa-13 mutants exhibited a partially abnormal 
‘phenotype in radial temperature gradients (Fig. 4D 
and fig. S4A). Only odr-3 mutation suppressed 
abnormal migration of eat-16 mutants (Fig. 4D 
and fig. S4, B and C). Expression of a dominant 
negative form of ODR-3 aso suppressed the 
defect of eat16 animals (Fig. 4D), Small re 
sponses of AWC neurons in odr-3 mutants were 
detected by Ca?" imaging (Fig. 3C and fig. S3C). 
‘Excess expression of wildtype ODR-3 in AWC 
neurons of wildtype animals induced abnormal 
‘migration, which was reminiscent of that of eat-16 
‘mutants (Fig. 4D and fig. S4, A and B), whereas 
excess expression of GPA-I3 and mother Ga 
protein (EGL-30) in AWC neurons of wild-type 
animals did not (Fig. 4D and fig. S4B). We used 
‘Ca** imaging to reveal that AWC neurons express- 
{ng excess wild-type ODR-3 in wild-type animals 
were hyperresponsive to temperature changes, 
as were the AWC neurons in ea-16 mutants 
ig, 30). Thus, G protein-cGMP signaling ap- 
pears to mediate thermosensation in AWC neu- 
sons. Notably, in contrast to eat-16 mutans, adr-3 


‘mutants previously cultivated at 17°, 20°, or 23°C 
migrated toward a higher temperature than their 
ccutvation temperature ina linear temperature gra 
dient (Fig. 1B), which implicates RGS-mediated 
‘Ga thermosensory signaling of AWC neurons. 
We evaluated AWC temperature signaling in 
‘aneural circuit for thermotaxis by Ca” imaging. 
‘The AIY neuron receives synaptic inputs from 
both AFD and AWC neurons, AIZ receives syn- 
‘aptic inputs from ATY, and RIA receives synaptic 
inputs from both AIY and AIZ (27). The AIY 
neuron is thought to mediate mavement toward 
‘warmer temperatures, AIZ is thought to mediate 
movement toward colder temperatures, and the 
regulation between AIY and AIZ activities 
through RIA is thought to be important for proper 
migration to a memorized temperature on a tem- 
‘perature gradient (Fig. 2A) (3). Upon warming, 
fluorescence resonance energy transfer (FRET) 
ratios in ATY neurons changed less in eat-16 mmu- 
‘tants than in wild-type animals (Fig, 3E), whereas 
thermal responses of AIZ were nearly normal 
(Fig. 3F). Given that wild-type animals in which 
ATY is ablated and ATY-defective mutants migrate 
toward temperatures colder than the cultivation 
temperature (Fig. 4E) (3, 18), the decrease of AIY 
‘activity in eat-16 mutants revealed by Ca imag- 
ing (Fig. 3E) may cause abnormal migration to 
‘colder temperatures (fig. $5). Thus, regulation of 
AWC-AIY connectivity may be critical for the 
‘circuit controling thermotaxis The importance of 


AWC-ALY wiring was also reported recently for 
clfactory behavioral responses (19), A thenmo- 
tactic defect in myo-inositol monophosphatase— 
defective ttr-7 mutants is caused by aberrant 
‘synaptic localization on the RIA neuron (Figs. 2A 
and 4E) (20). Abnormal migration of eat-76 mu- 
tants was suppressed by #1«-7 mutation (Fig. 4E), 
‘which is consistent with the model that the trans 
mission of neural signals from AWC and AIY 
neurons to RIA is also indispensable for thermo- 
taxis (fg. $5). Our current work helps explain a 
complex mechanism for control of behavior from 
stimulus sensing through the neuronal circuit that 
produces behavioral output. 
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Discovery of a Cytokine and Its 
Receptor by Functional Screening of 
the Extracellular Proteome 


Haishan Lin,? Ernestine Lee,* Kevin Hestir,* Cindy Leo,? Minmei Huang,* 
Elizabeth Bosch,? Robert Halenbeck,* Ge Wu,* Aileen Zhou,* Dirk Behrens,* 
Diane Hollenbaugh,** Thomas Linnemann,? Minmin Qin,* Justin Wong,* Keting Chu,* 


Stephen K. Doberstein,? Lewis 1. Williams**$ 


To understand the system of secreted proteins and receptors involved in cell-cell signaling, we 
produced a comprehensive set of recombinant secreted proteins and the extracellular domains of 
transmembrane proteins, which constitute most of the protein components of the extracellular 


space. Each protein was tested in a suite of assays that measured metabolic, growth, or 
‘transcriptional responses in diverse cell types. The pattern of responses across assays was 
analyzed for the degree of functional selectivity of each protein. One of the highly selective 


protei 


was a previously undescribed ligand, designated interleukin-34 (IL-34), which stimulates 


‘monocyte viability but does not affect responses in a wide spectrum of other assays. In a 
separate functional screen, we used a collection of extracellular domains of transmembrane 


pre 


to discover the receptor for IL-34, which was a known cytokine receptor, colony- 


stimulating factor 1 (also called macrophage colony-stimulating factor) receptor. This systematic 
approach is thus useful for discovering new ligands and receptors and assessing the functional 


selectivity of extracellular regulatory proteins. 


jomplex organisms rely on an extensive 

system of secreted and cell-surface mole 

‘cules for communication between ceils, 
tissues, and organs. Many secreted proteins 
function as ligands for membrane-spanning re 
ceptors, which serve as the transducers by which 
extracellular signals influence intracellular phys- 
fology. Some ligands have highly specific fisnc- 
tions because their receptors are expressed in a 
limited number of tissues, whereas other ligands 
act on a broad spectrum of tissues. There are 
2200 human genes encoding secreted proteins, 
of which only a minority have functions that are 
well understood. We classified proteins as being 
secreted on the basis of one or more of the fol- 
lowing algorithms: (@ the presence of a signal 
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University of Califor, San Franco, CA 94143, USA. 
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‘sequence; (@) the presence of conserved domains 
of secreted proteins and extracellular regions of 
‘transmembrane proteins; (ii) presence of non- 
canonical secreted proteins and nonsecreted 
proteins found in human plasma (J); and (v) a 
“secreted” classification by a supervised leaming 
algorithm based on random decision trees (2-4) 

‘We produced recombinant secreted proteins 
from ~3400 cDNA that encode secreted pro- 
‘teins and extracellular domains of transmembrane 
proteins (table S2). Fach cDNA was individually 
transfected into 293T cells in a high-throughput 
format, and samples of conditioned medium 
containing each protein were collected for testing 
in cel-based assays within 12 hows. A parallel set 
‘of cDNAs that encode the proteins in tagged 
forms was similarly transfected into 293T cells 
‘and the amount of protein released into the 
‘medium was estimated by Wester blot analysis 
(Gg. SIA) and exzyme linked immunosorbent 
assay (fig. SIB). More than 90% of the proteins 
‘were detected in the cultwe supematant with a 
‘mean concentration of 75 ng/ml and a median of 
20 ng‘m! (fig. SIB). 


To identify the functions and potential ther- 
peutic utility of al human secreted proteins and 
their receptors, we chose a wide range of cells 
that represent different tissue types and various 
assay readouts (table $4) that measured cellular 
responses to secreted factors. The complete 
recombinant protein collection was screened in 
an automated high-throughput format across a 
wide spectrum of assays (table $4). 

We focused on the subset of secreted pro- 
teins with high functional selectivity by com- 
paring the activities of a given protein across 
multiple assays (lable $4) and searched for those 
that were active in only a small number of 
assays. More than 201,000 data points generated 
from this set of assays were used for fimetional 
selectivity analysis of the secreted proteins (Fig, 
1B). To identify the proteins with the highest 
functional selectivity, we defined a measure of 
activity that can be compared across multiple 
assays and readouts and devised a quantitative 
assessment of selectivity 

The activity of each protein in eliciting a 
cellular response in a given assay was measured. 
Within an assay, the measurements of responses 
to m proteins were assigned ranks 1 to m from 
the lowest through highest numerical values of 
the assay measurements. Ranks for the responses 
to a protein from assays performed in replicate 
were summed, giving a Wilcoxon rank sum 
statistic. This statistic was used to test the mull 
hypothesis thatthe ranks are random, versus the 
alternative hypothesis that the protein has some 
effect on the cells. The P value is the probability 
that the rank sum (as an activator or an inhibitor) 
is as strong as or stronger than observed, assum- 
ing there was only assay noise and that there was 
no effect of the protein. The quantity —logP, 
called activity in Fig. 1A, is then a positive 
smumber (a small value of P gives a large value 
of -logP) whose magnitude reflects the re- 
sponse of cells to a protein in a given assay. 

For each protein, the assays were then sorted 
from the assay with the highest activity for that 
protein to the assay with the lowest activity. 
‘These relative activities across sorted assays were 
plotted for four examples, covering a range of 
selectivity (Fig. 1A), The onder of the assays in 
Fig. 1A is different for each protein. For example, 
the values for interleukin-34 (IL-34) and IL-15 


wwnwsciencemag.org SCIENCE VOL 320 9 MAY 2008 


807 


| REPORTS 


A 


is 
B® 


sf? a 
‘s \ 
223 \ —_ cen 
4 
tP2 
z a 
doe SS 
a 
° 
3 5 io 5 Pa Pa 
Sorted assays 
5 “ket 
Bs 
eae torn be 


Maximal differential © 


Secreted protein clone number 


1. Identification of IL-34 using a functional screening approach. (A) Comparison of functional 
selectivity of IL-15, IGF-II, FGF3, and IL-34. Using P values for a Wilcoxon rank sum test, activities 
‘ClogP) for several proteins against their respective sorted assays are shown. The assays were sorted 
from the lowest to the highest P value, producing a protein-dependent list of sorted assays. Assay 
descriptions are shown in table S4. (B) Analysis of functional selectivity of secreted proteins. 
Functional selectivity of 1910 secreted proteins in the screening set was analyzed using the 
‘maximal differential activity s and selectivity index k. 


decrease sharply across assays compared with 
those for insulin-like growth factor I (IGF-ID, 
indicating that they were active in one or two 
assays, whereas IGF-II was active in many; fibro- 
blast growth factor3 (FGF3) gave a low signal in 
‘many assays but did not maximally activate any 
assay (Fig. 1A), 

The notion of selectivity of a protein in elic- 
iting responses across many assays was quan- 
tified with a pair of mumbers (s, f), where s is 
the maximal differential activity and k is the 
selectivity index. Suppose there are m assays, 
and P; <P; < ... < Py are the comesponding 
sorted P values. The difference between adja- 
cent activities (—logP)) and (—logP,) is equal to 
the log ratio 


P: 
(HlogP;)- (logP,) = Lone 


Let ro, 


re-1,denote the activity differences 


na} and k = 
5}. Briefly, s is the 


max{i:1<i<n—I and 7; 
maou ed ets cuer eens 
maximum occurs. Clones with high values of s 
and low values of & will be highly active in just 
a few assays, Figure 1B plots s for 1910 clones 
in n=25 assays, showing some proteins— 
such as interferon a (IFN-a), FGF2, FGF3, 
platelet-derived growth factor D (PDGF-D), 
IGF-I, IL-1a, and IL-6 —with low selectivity and 
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ig. 2. Activities and cell-binding selectivity of purified IL-34 protein. (A) 
Dose-response curve of purified IL-34 protein in a monocyte viability 
assay. Recombinant IL-34 protein was purified from conditioned medium 
of 2937 cells stably transfected with IL-34 cDNA. Relative viability 
(survival and/or proliferation) of primary human monocytes induced by 
the purified 1L-34 protein was determined by the cell viability (CelTiter- 
Glo) assay (Promega). In this assay, the amount of ATP released from 
lysed cells was determined based on the luminescence signal [relative 


808 


light unit (RLU)] generated from reaction with luciferin in the presence of 
luciferase. (B) Specific binding of IL-34 to human monocytes in PBMC. 
PBMC incubated with unlabeled IL-34 or bovine serum albumin (BSA) a5 
competitors at 200fold molar excess were incubated with biotinylated 1L-34 
protein and stained with streptavidin-allophycocyanin (APC). The cells also 
‘were labeled with fluorescein isothiocyanate (FITC-conjugated antibodies 
against lineage markers, CD14 (monocytes), CD3 (T cell), and CD56 (NK 
cells) and analyzed by flow cytometry. 
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others with high functional selectivity. Among the 
100 clones with the highest selectivity (Fig. 1B), 
all but nine of these have &=1 and thus are 
selective for one of the assays. Although this 
analysis is limited by the small number 25) of 
assays relative to all possible biological activities 
and by the fact that the assays were not 
representative of all tissues, the data provided a 
starting point for selecting proteins that might have 
ahigh depree of selectivity. 

Because the secreted proteins used in the 
screening assays were expressed at various 
levels, we questioned whether the fictional 
selectivity of proteins might correlate with pro- 
tein concentration. Analysis of more than 700 
proteins for their activity or maximal differential 
activity and expression levels demonstrated no 
conrelation between activity or maximal differ 
ential activity of a protein and its expression leve! 
(Bg, S2, A and B, and tables S7 and S8). 

‘We focused on the proteins with a high 
selectivity score (Fig. 1B) for further analysis. 
‘The proteins that were highly selective included 
a mumber of known cytokines or growth factors, 
such as colony-stimulating factor 1 (CSF-1), 
selective for the monocyte viability assay; vas 
cular endothelial growth factor © (VEGF-C), 
selective for the cantiomyocyte phosphoprotein 
assay, FGFI9, selective for the H4IF-E PCK1 
expression assay; IL-15, selective for the T iym- 
phocyte and natural killer (NK) cell viability 
assays; and FGF21, selective for the adipocyte 
assay (Fig. 1B and table $4). These proteins are 
known to be selective in their actions ($10). 

In the pool of highly selective proteins, we 
were especially interested in uncharacterized pro- 
teins, For further study, we chose a protein that 


Sigma from median 
B® 


6 


had a high selectivity score and stimulated mono- 
cyte viability. This 241-amino acid protein was 
cancoded by a cDNA clone, which differs by one 
amino acid residue from a hypothetical protein in 
the pubic database (GenBank accession mumber 
NP _689669). This protein increased monocyte 
Viability (fig. S3 and table $5) and has been 
designated as 11-34, isoform 1 (GenBank acces- 
sion mumber EUS99219; refemed to as IL-34 in 
‘this paper). 

‘The amino acid sequence of human IL-34 
shares a sequence identity of 99.6%, 72%, and 
"71% with that of the chimpanzee, rat, and mouse 
1134 orthologs, respectively (fig. S4), and the 
(I-34 gene's syntenc in the human, chimpanzee, 
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DNA replication (Big. $6), suggesting that an 
{increase in cell proliferation indeed contributes to 
the increase in viable cells. In flow cytometry 
analysis, biotinylated L-34 protein specifically 
‘bound to CD14” monocytes in peripheral blood 
‘monomuciear cells (PBMCs), and this binding was 
decreased in the presence of unlabeled IL~ 
(Fig. 2B). In contrast, [L-34 did not bind to CD3* 
Tells or CDS6" NK cells (Fig. 2B). 

We searched for an I-34 receptor in our 
collection of extracellular domains (ECDs) of 
membrane spanning proteins. There are ~1100 
type I transmembrane proteins and ~500 type Il 
transmembrane proteins encoded by the human 
genome (table S2), as determined by literature 


rat, and mouse genomes. We detected no simi- 
larity ofthe IL-34 protein sequence to that of any 
other human protein, and TL-34 has mo apparent 
consensus structural) domain or motif, IL34 
mRNA is expressed in various tissues, including 
‘heart, brain, lung, liver, Kidney, spleen, thymus, 
testes, ovary, small intestine, prosate, and colon, 
and itis most abundant in the spleen (ig. SSA). 
(Consistent with its role in regulating myeicid cell 
growth and diffeentistion, 34 protein was 
also detected by immunohistochemistry in the 
Snusoidal endothelium in the red pulp of the 
spleen (fg. SSB). 

‘We purified the human IL-34 protein (99% 
purity) as a homodimer consisting of 39 KD 
monomers. The purified protein increased the 
rmumber of monocytes in an assay that uses aden- 
sine 5”triphosphate (ATP) content a a measure 
of cell mumber (Fig. 2A). This measurement, 
‘which we termed "iabiity,” does not distinguish 
between change in survival or proliferation. I-34 
activity also was detected in an assay measuring 


ECD clone number 


Control without 
1L-34 treatment 


Fig. 3. Identification of the receptor for IL-34 by screening of the ECDs of transmembrane 
proteins. 1L-34 protein was individually incubated with conditioned medium of 293T cells 
transfected with one of the cDNAs encoding ECDs of transmembrane proteins. Human primary 
monocytes were then incubated with the treated IL-34 protein and analyzed by the cell viability 


assay. Results from a screen of the collection of 858 EC! 
(sigma from median). Purple circles (inhibitors) indicate clones for which activity 


from the m 


are shown as the standard deviation 


was detected with greater than twofold standard deviation of the assay plate for more than one 
test. Cells without IL-34 treatment were used as controls (blue circles) on each assay plate. The 
activities of the ECD clones that inhibited 1L-34 activity on monocytes in primary and secondary 
screens are shown in table 6. CSF-1R ECD VS-His Tag, CSFIR ECD with a VS-His epitope tag. 


sources and our prediction algorithms (4). 
We screened our collection of ECDs for the 
ability to block the functional activity of IL-34 
fon monocytes through binding and sequestra- 
tion of IL-34. Purified IL-34 was incubated with 
each ECD and then assayed for the effect on 
Ihuman monocyte viability (Fig. 3). Ten of the 
858 ECDs screened inhibited IL-34 activity in 
the primary screen (Fig, 3 and table $6), but 
only one of these proteins gave reproducible in- 
hibition in repeated testing (table $6). This pro- 
tein was encoded by a cDNA. for the CSF-1 
receptor (CSF-IR) ECD, suggesting that CSF-AR 
{sa receptor for IL-34. The inhibitory activity of 
CSF-IR ECD appeared to be specific because 
{inhibition was not seen with other ECDs in the 
screening set or with granulocyie-macrophage 
(CSF receptor (GM-CSFR) ECD or interferon-y 
receptor (IFNyR) ECD (fig. $7). CSF-IR ECD 
blocked binding of biotinylated IL-34 to the 
Jnuman monocytic cell line THP-1, whereas 
GMECSFR ECD or IFNyR ECD had no effect 
on IL-34 binding (Fig. 44). Furthermore, un- 
labeled IL34, CSF-1, or antibody to CSF-IR 
blocked binding of biotinylated IL-34 to THP-1 
cells (Fig 44), The binding affinity of IL-34 10 
the immobilized CSF-IR ECD was determined 
by Biacore analysis with a dissociation constant 
(Ky) of about 1 pM (fig. S8A). CSF-1 bound to 
the CSF-IR ECD with a Kg of 34 pM (fig. SSB). 
In fictional studies, the activity of IL-34 on 
monocyte viability was blocked by antibodies to 
11-34 but not by an antibody to CSF-1, whereas 
the activity of CSF-1 was blocked only by its 
own antibody and not by antibodies to IL-34 
Fig. 4B), suggesting that the IL-34 activity in 
monocyte viability was independent of CSF-1 
The activity of 1L-34 could be abolished when 
the IL-34 protein was heat-inactivated (Fig. 4B) 
11-34, like CSF-1, stimulated phosphorylation 
of extracellular signal-regulated kinase-1 and -2 
(ERK1/2) in human monocytes (Fig. 4C), Fur- 
themore, the IL-34-induced phosphorylation 
of ERK1/2 was inhibited by a CSF-1R-specific 
inhibitor, GW2S80 (12) (Fig. 4C). In addition, 
11-34 promoted the formation of the colony- 
forming unit-macrophage (CFU-M), a macro- 
phage progenitor, in human bone mamrow cultures 
(Fig. 4D). The I-34 promoted CFU-M colonies 
(Bg. $9, A to C) had a size and morphology 


wwnwsciencemag.org SCIENCE VOL 320 9 MAY 2008 


| REPORTS 


810 


similar to those of colonies promoted by CSF-1 
(Bg. $9, D to F). Upon staining with the May- 
Gnunwald-Giemsa stain, cells derived from these 
colonies showed vacuole-containing cytoplasm 
(Sg. $9, G to J), confinning that they are cells of 
CFUM (12). 


‘The selectivity pattem of IL-34 across many 
assays was predictive of the biology of this 
protein. IL-34 is a new ligand for a highly 
selective and relatively well-studied receptor, the 
CSF-1 receptor. Our discovery of IL-34 illus- 
trates that even in well-understood systems, there 


are fimctional protein regulators yet to be dis- 
covered using a systematic screening approach. 
CSF-1 and CSF-IR are important for monocyte 
‘formation and subsequent differentiation into the 
various functional phagocytes (6). Mice defective 
in CSF-IR have a more severe osteopetrosis in 


A CSF-AR ECD c 
Cytokine 
CSFAR 
inhibitor: 
ERK! pi4 SD 
g ERK2 pi2-|_ oemmee PERK 
2 |e ‘ 
§ is} | j v. 
& i SSSaS Towierk 
[a a TD 
® 
=| BSA PBS 
ae ‘ 
crc i a aT 
. 
Biotin-IL-34/Streptavidin-APC 
B D 
20000 
of = Le 
a CSF 
z | * oF 
= z 
| 18000 |] Heat inactivation 3 
8 11 No antibody 3 
2 é 
3 10000 I Rabbit anti-L-34 Ab 2 = 
3 
2 
T 1 Rabbit IgG ooo; oor ot 0 100 
5 Protein concentration (nM) 
A s000} i I Mouse anti-CSF-1 Ab 
J Mouse IgG2a 
° 


2 | ees | 


Medium 134 ca 


Fig. 4. IL-34 functions asa specific and independent ligand of CSF-1 receptor, 
stimulates CSF-1R-dependent phosphorylation of ERKL/2, and promotes 
CFUM colony formation. (A) IL-34 binding to CSF-1R on human monocytic 
THP-1 cells, Biotinylated IL-34 protein was incubated with conditioned media 
of 293T cells transfected with CDNA encoding CSF-1R ECD (9, GM-CSFR ECD 
(i, oF vector. THP-1 cells were then incubated with the treated IL-34 protein, 
labeled with streptavidin-APC, and analyzed by flow cytometry. THP-1 cells 
preincubated with BSA (iil, unlabeled 134 (h), CSF-1 (), neutralizing 
antibody to CSF-IR (Anti-CSF-1R Ab) and control mouse immunoglobulin G1 
(migG1) (vi, or buffer control [phesphate-buffered saline (PBS)] were labeled 
with biotinylated IL-34, stained with streptavidin-APC, and analyzed by flow 
cytometry. (B) I-34 function on monocytes is independent of CSF-1. Human, 
‘monocytes were incubated with IL-34 or CSF-1 that was heat-inactivated (100°C 
for 5 min) or treated with rabbit polyclonal antibodies to IL-34 (rabbit anti- 
11-34 Ab), a mouse antibody to CSF-1 [mouse anti-CSF-1 Ab (R&D Systems, no. 
'MABZ16], oF control IgG [rabbit IgG (Millipore) and mouse IgGZa (RED 


‘Systems, no. MABOO3)] and assayed for viability by Cellfiter-Glo assay 
(Promega). Relative viability is shown as luminescence (RLU). (C) Inhibition of 
34 activity on ERKL/2 phosphorylation by 2 CSF-1R-specific inhibitor. 
Human primary monocytes were incubated with medium control, 5 nM I-34, 
(or nl CSF-1 at 37°C for 3 min in the presence or absence of 60 nM CSF-1R— 
specific inhibitor, GW2580 (11. The monocyte cell lysate was analyzed by 
Western blotting using an antibody to phospho-ERK1/2 (p-ERK) (Santa Cruz 
Biotechnology, Inc, no. s¢-7383). The Western blot was then stripped and 
probed with antibodies to ERK (Santa Cruz Biotechnology, Inc, no. sc-94) for 
detection ofthe total ERK. The results were reproducible in three experiments. 
(0) IL-34 promotes CFU-M colony formation from human bone marrow. Colony 
formation assays were performed by StemCell Technologies, Inc. as described 
(14, 15), using CSF-2 (R&D Systems, Inc.) or IL-34, at indicated concentrations. 
Representative data (n = 3 replicates for each concentration and treatment) 
from one of three experiments are shown. Images of the CFU-M colonies and 
of the May-Grunwald-Giemsa-stained cells are shown in fig. 59. 
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the fermur and a more severe depletion of F4/80" 
‘macrophages in the kidney than the CSF-1- 
deficient mice (13). Thus, the existence of a 
second ligand, in addition to CSF-1, for CSF-1R 
has been proposed (13). Here we report the 
{identification of such a factor, I-34 


References and Notes 

1. NLL Anderson et a Mot Celt Proteomics 3, 312 2008). 

EA le, L Hansen, K Hest, LT. Willams, 0. Farrel, 
Protein Ppt. et. in ress. 

3. L. Breiman, Mock. Learn. 45, 5 (2002. 

4, Nateras and methods are avaiable as supporting 
rmateral on Science One. 

5. TA Waldmann, fat. Rev. Immunol. 6, 595 2006) 

6 V.chitu, 8 Staley, Cur. Opin irmanot 1B, 39 2006). 


7. & Tomine et a. Endocrinology 143, 1741 2002). 

2 A.M. Bye, D. J. SoucherHayes JH. Homme. J. Celt 
Mot Med. 9, 777 2005) 

9. ML He eta. Cytokine 11, 729 099% 

20. A Xharitnenkow ef a J Cin. ivest 115, 1627 (2005). 

L1G Conny al, Proc Matt Acod Sc. USA 102. 
16078 (2065) 

12. C Nissen Druey, A Tichel S. Meyer Mona, Ato 
Hocmatet 113, 5 2005) 

13, XML Dai ef of. Blood 99, 


2002, 


14 C Peri, | Damen, A. Eaves, & Cate, BioProcess 
Ieternational 2. 70 (2009. 

15. WG Test, G Malineux £4s, Hoemapoiesi: A procticot 

cpproech (Oxtord Univesity Pres, nc. New York, 1993). 

We thank T. Chang. A. Farad, S. Gee, S. Gomes. MF 

Justin D.AlDonowgh, A Pham, S. Romer, A Sada 


1% 


REPORTS E 


“Therapeutics, Inc. for proving screening assay data in 
‘he funcional selectty analysis. We thank J. Damen 
and C. Pereira of Stell Technologies, Inc. for 
peroning he colony formation assays HL, EL 

KH. CLMH, £8. RH. GUL, AZ, DB, TL, JM, 
SAD, and LTH, of Five Prime Therapeutics, In. have 
fled 2 US. patent application (120070264277) based 
en the work i this pape. 


‘Supporting Online Materiat 
ve siencemag.ag/giontenu320/5877/807/0C1 
Materials and Methods 

Figs St $9 

Tables Sit $8 

References 


19 December 2607; accepted 10 Api 2008, 
202126sdence.1154370 


Regulation of the Cellular Heat Shock 
Response in Caenorhabditis elegans 
by Thermosensory Neurons 


Veena Prahiad, Tyler Cornelius, Richard 1. Morimoto 


Temperature pervasively affects all cellular processes. In response to a rapid increase in 
‘temperature, all cells undergo a heat shock response, an ancient and highly conserved program of 
stress-inducible gene expression, to reestablish cellular homeostasis. In isolated cells, the heat 

shock response is initiated by the presence of misfolded proteins and therefore thought to be 

cell-autonomous. In contrast, we show that within the metazoan Caenorhabditis elegans, the heat 
shock response of somatic cells is not cell-autonomous but rather depends on the thermosensory 
neuron, AFD, which senses ambient temperature and regulates temperature-dependent behavior. 


We propose a model whereby 


is loss of cell autonomy serves to integrate behavioral, metabolic, 


and stress-related responses to establish an organismal response to environmental change. 


the heat shock response counteracts the 
detrimental effects of protein misfold: 
ing and aggregation that result from bio- 
chemical and environmental stesses, including 
{increases in temperature (J, 2). This response, 
orchestrated by the ubiquitously expressed heat 
shock factor-I (HSF-1), involves the rapid tran- 
scription of a specific set of genes encoding 
the cytoprotective heat shock proteins (HSPs) 
(Z, 2). The stress-induced appearance of non- 
native proteins imbalances cellular homeostasis, 
and the resulting shift in chaperone requirements 
is thought to trigger the heat shock response 
(1, 2), Because all these events occur at the ce! 
Iular level, the heat shock response is thought to 
be cell-autonomous. Indeed, isolated cells in tis- 
sue culture, unicellular organisms (2, 2), and in- 
dividual cells within a multicellular organism (3) 
can all produce a heat shock response when ex- 
posed directly to heat. 
Although the heat shock response is es- 
sential for the survival of cells exposed to stress, 
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the accumulation of large amounts of HSPs 
can be detrimental for cell growth and division 
2, 4. Therefore, although cellular autonomy 
{in initiating this response may be beneficial for 
‘unicellular organisms and isolated cells, the un- 
coordinated triggering of the heat shock response 
{in individual cells within a multicellular orga- 
nism could interfere with the complex inter- 
actions between differentiated cells and tissues. 

In Caenorhabditis elegans, a pair of thermo- 
sensory neurons, the AFDs, detect and respond 
to ambient temperature (5, 6). The AFDs, and 
their postsynaptic partner cells, the AIYs, rez 
ulate the temperature-dependent behavior of 
the organism and are required for finding the 
‘optimal temperature for growth and reproduc- 
ton (6). We tested whether this thermosensory 
neuronal circuitry also regulates the heat shock 
response of somatic cells. For this, we exposed 
wild-type C. elegans or animals carrying loss-of- 
fiction mutations affecting the AFD or AIY 
neurons (Fig. 1A) to a transient increase in tem- 
perature and assayed their heat shock response. 
‘The mutations chosen {gcy-23, gcy-8 (7), tax-4, 
‘te-1, and ttx-3 [for details of these mutations see 
(8)} exclusively affect neuronal function because 
the wild-type gene products are not expressed 
in other tissues, with goy-8 and gcy-23 ex- 


pressed solely in the AFDs (7). Wild-type and 
‘mutant adult animals, grown at low population 
densities at 20°C in the presence of abundant 
bacteria (8), were exposed to a transient increase 
in temperature (30°C or 34°C for 15 min), and 
their heat shock response was measured as the 
total amount of mRNA encoding the major heat 
inducible cytoplasmic hsp70, C12C8.1 (9), 2 
hhours after heat shock. Mutations affecting 
the AFD or ATY neurons reduced heat shock 
dependent accumulation of Asp70 (C12C8.1) 
mRNA at both temperatures (8) (table S1 and 
Fig. 1, B and C), whereas a mutation, ocr-2 
(20), affecting four other sensory neurons of the 
animal had no effect (8) (table S1). 

The decrease in fsp70 (C12C8.1) abun- 
dance was not merely due to a delay in the 
onset of heat shock response (Fig. 1D). The 
_gey-8 and fte-3 mutants had consistently lower 
amounts of hsp70 (C12C8.1) mRNA com- 
pared with wild-type over a 6-hour period 
after heat shock, with some mRNA. accurm 
lation seen 4 hours after heat shock. Mutants 
with defective AFD or AIY neurons also had 
reduced heat shock-<dependent accumulation 
of another cytoplasmic hsp70, F44ES.4 (9), and 
the small heat shock protein, Asp/6.2, mRNAS 
(1D ig. 1, E and F). 

The diminished expression of HSP genes 
in the gey-8 and ttx-3 mutants might make 
them less viable than wild-type animals under 
conditions of heat stress. This was the case 
(Fig. 1G): The decrease in thermotolerance of 
the thermosensory mutants was similar to that 
of animals canying a hsf:1 loss-of function allele 
G2) Fig. 1G), although Asé1 mRNA levels 
were not diminished in gey-8 and ttr-3 mutants 
@ (Big. S3A) relative to that of wild type. 

‘We examined whether the decreased accumu- 
lation of inducible /sp70 mRNA in the thenmno- 
sensory mutants reflected selective reduction in 
neuronal tissue or corresponded to diminished 
expression in all cells throughout the animal, 
Heat shock promotes Asp mRNA expression in 
‘mumerous somatic cells of wild-type C. elegans 
as monitored with a hsp70 (C12C8.1) promoter 
green fluorescent protein (GFP) reporter con 
sSruct (13) (Fig. 1H), The expression of this hsp70 
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reporter in strains with mutant gey-8 and 0-3 
genes was reduced in all somatic cells 2 hours 
after heat shock (Fig. 1, I and J) and continued 
to be impaired after 24 hours, although these 
somatic cells of the thermosensory mutants 
should have experienced the same heat shock 
temperature as the equivalent wild-type cells 
(8) (igs. S1 and $2). These results indicate that 
the heat shock response in C. elegans is not cell 
autonomous. Instead, the AFD and ATY neurons 
appear to regulate both the magnitude and the 


Fig. 1. Role of AFD and AlY 
neurons in the organismal heat 
shack response. (A) Schematic 
depiction of genes affecting AFD 
and AY function. AFD detects 
temperature by using the cyclic 
guanosine 5-monophosphate 
(cGMP}-dependent TAX-ATAX-2 
cyclic-nucleotide-gated (CNG) 
channel. Guanyly qxases, ors, B 

997-18, and g¢y-23, function 19 
upstream of tax-4. ODX tran- 
scription factor, TD%4, regu- 
lates gcy8 expression, and AIY 
function is specified by the Lin, 
homeobox gene, th-3. Total 
/hsp70 (C12C8.2) mRNA levels 

in gcy-8 and tte-3 mutants 
relative to wild-type animals 
before heat shock (pre-HS.) 
and 2 hours after heat shock 
(posi) at (B) 30°C and 
34°C for 15 min. Time couse of py 
total (D) fsp70 (1208.1), (B 
p70 A4E5.A), and (F) hsp16.2 
mRNA accumulation after heat 
shock @4°C; 15 min) in gop8 

and th-3 mutants relate to wild 

type animals. mRNA amounts 
were measured by quantitative 
reverse tanscrigtion polymerase 
chain reaction (RT-PCR) and nor- 
malized to maximal wild-type 
values. (G) Survival of wic-ype, 
gor, tee3, and Asf1 mutant F 
animals. Eror bars indkate 35E 
{() and (O} and 5D [(0) and 
©). hsp70 (C12C8.1) promoter- 
GFP reporter expression in (H) 
wild-type, (D gq8, and (J) te3 
mutant animals 2 hous after 
heat shock (84°C; 15 min). @ 
pharynx, (i) spermatheca, and 
(id intestinal cel. Scale bar = 
300 jum. 
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time course of heat shock gene expression in 
nomneuronal cells, influencing organismal ther- 
motolerance. Subsequent experiments were 
done at 34°C with use of the AFD-specific mu- 
tant zey-8 that is the most upstream component 
known in the thermosensory neuronal circuitry 
To contro! the heat shock response of non- 
neuronal cells, the AFD neurons must regulate 
the activities of cellular transcription factors. 
In eukaryotes, HSP expression afier heat shock 
is HSF-1-dependent (2). Organismal themoto 


30°C Heat shock c 


gcy-8 


42C8,1) mRNA 


erance also requires the FOXO transcription 
factor, DAF-16 (14). To test which transcription 
factor is required for AFD-dependent Asp70 
(C12C8.1) mRNA expression after heat shock, 
wwe used RNA interference (RNAi). Depletion of 
Jigf-1 mRNA but not daf-16 mRNA in wild-type 
C. elegans decreased hsp70 (C12C8.1) expres 
sion throughout the organism (Fig. 2A). De- 
pletion of fsf-I mRNA, however, had no effect 
oon the already diminished amounts of Asp70 
(C12C8.1) mRNA in the gey-8 mutants (Fig 


34°C heat shock 
os 100 


hours 


Wild-type hst-1 


ory-8 


tte-3 
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2A). Thus, AFD appears to regulate HSP ex- 
pression through HSF-1, although we cannot 
rule out the existence of a paralle! transcriptional 
‘mechanism. 

We tested whether the deficiency in HSF-1- 
dependent heat shock induction of HSPs in the 
go-8 mutants resulted from high constinative 
expression of chaperones that negatively auto- 
regulate HSF-1 activity or other inhibitors of 
HSF-1 (2, 14), This appeared not to be the case: 
Both wildtype and mutant animals expressed 
similar amounts of constitutive fsp70 (hsp-1) 
(Big. S3B), the stress inducible hsp70s [C12C8.1 
and FA4ES.4 (8) (table S1)], fsp90 (dat-22), 
and daf-16 (fig. S3B), To test whether the gey-8 
mutant animals were deficient in their abil 
to mount any stress-inducible transcriptional re- 
sponse, we exposed animals to another stress, the 
transition metal cadmium (15), and assayed their 


ability to activate transcription of two cadmium 
responsive genes: hsp70 (C12C8.1) and od-1 
5). In contrast to what was observed upon 
heat shock, both Asp70 and cd-1 mRNA were 
similarly increased in wildtype and goy-8 mmu- 
tant animals (Fig. 2B) after 3 hours of exposure. 
“Moreover, as for wild-type animals, the cadmium- 
dependent induction of hsp70 (C12C8.1) was 
HSF-1-dependent in gey-8 mutants (Fig. 20), 
‘Thus, a deficiency in the AFD neuron does not 
compromise the molecular machinery required 
for the stress-dependent HSF-1 transcriptional 
response. The gey-8 mutant animals are not pre- 
adapted to stress but instead are selecti 
poired in their ability wo induce HSF-1-dependent 
heat shock gene expression. Given the role of 
the AFD in sensing ambient temperature, this 
suggests that AFD signaling is required for heat 
shock-dependent gene expression. This was fur- 
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ther confined by transiently and reversibly in- 
hibiting neuronal activity in wild-type animals 
with the volatile anesthetics (VAs) halothane 
and isofturane and observing a concomitant in- 
hibition of fsp70 (C12C8.1) expression in somatic 
calls (8) (Big. S4). 

The AFD neurons and associated thermo- 
sensory circuitry in C. elegans also regulate 
thermotaxis behavior, integrating temperature 
information with environmental signals that 
modulate growth and metabolism (6). One such 
potent environmental signal is dauer pheromone: 
Low concentrations of dauer pheromone, when 
animals are at low population densities in the 
presence of food, promote continuous growth; 
high concentrations signal starvation and alter 
metabolism (16), AFD mutants show altered 
sensitivity to dauer pheromone (16, 17). Thus, 
dauer pheromone might also modulate the heat 
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ig. 2. Impairment of HSF-1—dependent gene expression in gq mutants 
after temperature stress. (A) Total sp70 (C12CB.1) mRNA, 2 hours after heat 
shock (34°C; 15 min), in wildtype and gcy-8 mutant animals subjected to 
RNAFmediated knockdown of hf or dof-16. Relative mRNA levels were 
measured by quantitative RT-PCR and normalized to wildtype values on 
control RNAi. (B) Total hsp70 (C12CB.1) and cdr-2 mRNA levels in wild-type 


and goy8 mutants after cadmium stress (). Relative mRNA levels were 
determined by quantitative RT-PCR and normalization to wild-type values. (C) 
Relative isp70 (C12C8.1) mRNA levels in cadmium-treated wild-type animals 
and gcy-8 mutants subjected to RNAi-mediated knockdown of hf-2. Relative 
‘mRNA levels were determined by quantitative RT-PCR and normalization to 
wild-type and gq8 values on control RNAi. Error bars indicate SE. 
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3. AFD-dependent regulation of the cellular heat shock response is 
‘modulated by metabolic signals. (A) Relative fsp70 (C12C8.1) mRNA levels, 
before and 2 hours after heat shock (34°C; 15 min) in wild-type and gq7-8 
mutant animals grown at low population densities or exposed to daver 
pheromone 10 min before and during the 2 hours of recovery after heat 
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shock. Note semilogarithmic scale. Relative mRNA levels were determined 
by quantitative RT-PCR and normalized to maximal wild-type values. Error 
bars indicate +SE. (B) Model depicting the regulation of the cellular heat 
shock response by AFD-dependent signaling of temperature and dauer 
pheromone-dependent signaling of growth conditions. 
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shock response in an AFD-dependent manner, 
{integrating the organismal stress response with 
metabolism. C. elegans animals raised at low 
population density initiate transcription of Asp 
mRNA after heat shock (Figs. | and 3). How- 
ever, exposure of wild-type animals to high 
concentrations of dauer pheromone before or 
during heat shock decreased the amounts of 
hsp70 (C12C8.1) mRNA. induced (Fig. 3A) 
‘Thus, the heat shock response in C. elegans is 
affected by the metabolic state and is dampened 
under conditions that do not support continuous 
growth and reproduction. In contrast, exposure 
of gey-8 mutant animals to dauer pheromone 
‘had the opposite effect and induced even higher 
amounts of Asp70 (C12C8.1) mRNA after heat 
shock than is normally seen upon heat shock of 
‘wild-type animals raised under optimal growth 
conditions (Fig. 3). 

‘The opposing effects of dauer pheromone 
oon wild-type and gey-8 mutant animals can be 
explained by a model in which the heat shock 
response is regulated at the organismal leve! 
by two inputs: the AFD-dependent temperature 
{input and a metabolic signal that responds to 
growth conditions (Fig. 3B). Each of these in- 
puts negatively regulates the other and inhibits 
{SP expression. In wild-type animals under con- 
clvons that support growth, the growth-dependent 
inhibitory signal is active, and an increase in 
temperature activates the AFDs, which suppresses 
‘the inhibitory signal, thus allowing induction of 
the heat shock response. In the presence of pos- 
itive growth signals but absence of AFD sig- 
naling during heat shock (as in gey-8 mutants), 
the growth input is not inhibited, and the heat 
shock response is suppressed. The addition of 
<dauer pheromone to wildtype animals suppresses 
the signal from the growth input, resulting in 
the inhibition of the cellular heat shock response 


by AFD signaling. In the absence of both AFD 
and growth signals, as occurs in the gey-8 rmu- 
tant exposed to dauer pheromone, the heat shock 
response is not inhibited. 

‘The model we propose for the regulation of 
the heat shock response in C. elegans suggests 
that cells induce this response in the presence of 
AFD and growth signals, as in wild-type ani- 
‘mals, but also in the complete absence of these 
regulatory signals, as observed for isolated 
cells in culture. Thus, neuronal contro! may al- 
low C. elegans to coordinate the stress response 
of individual cells with the varying metabolic 
requirements of its different tissues and deve!- 
‘opmental stages. Indeed, neuronal signaling has 
been shown to modulate cellular homeostasis in 
C. elegans (18). Because the AFD neurons do 
not directly innervate any of the downstream 
tissues in which heat shock gene induction is 
affected, it is likely that this regulation is me- 
diated through neuroendocrine signaling. The 
‘override of the cell-autonomous heat shock re- 
sponse by neuronal circuitry seen for C. elegans 
may be a common mechanism of regulation in 
‘other metazoans. Indeed, HSF-I in rats can be 
activated by neuroendocrine signaling from the 
‘hypothalamic pimitary-adrenal axis in the ab- 
sence of extemal stress (19). Thus, the hierar- 
cchical organization of regulatory networks may 
allow organized tissues comprised of heteroge- 
‘nous cell types to establish a highly orchestrated 
stress response in the metazoan organism. 
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New Products Focus: RNAi 


High Throughput Transfection System 


CellaxessHT is an automated, high throughput transfection system that enables reagent-free 
delivery of small interfering RNA and complementary DNA to a wide range of biologically 
relevant ell types with excellent transfection efficiencies and viabilities. The system features 
a patented capillary electrode array technology for transfection of cells cultured in 384-well 


plates and offers a capacity of up to 50,000 wells per day. 


For information +46 (0) 31 76035 15, 


RNA Stabilizer 

RNAstable is for preserving RNA at room temperature, which 
eliminates the need for cold storage and refrigerated shipping. 
RNA samples are difficult to work with given their labile nature 
and tendency to degrade even in cold storage. Exposure to slightly 
elevated temperatures for even a short time can compromise 
RNA integrity. RNAstable makes use of technology that forms a 
thermostable barrier, securely “shrink wrapping” RNA samples to 
protect them from degradation. To store RNA, researchers simply 
pipette samples directly into a tube or well of RNAstable and let 
them dry. Sample recovery requires only adding water, with no 
further purification required. RNAstable preserves RNA at room 
temperature for up to five months and is better at preventing 
degradation than freezer storage. The preserved samples can be 
used in applications such as bioanalyzer and microarray analysis, 
end-point polymerase chain reaction, gel analysis, reverse 
transcription, and more without inhibition or interference. 
Biomatrica 

For information 858-550-0308 

www.biomatrica.com 


Profiling Array 

The T7-oligonucleotide ligation assay-based microRNA (miRNA) 
profiling array allows the user to access miRNA expression cost 
effectively. Expression of multiple miRNAs can be determined 
simultaneously in a single, simple assay that does not require 
preisolation of small RNA. The analysis has the power to 
differentiate miRNA isoforms with a single nucleotide difference 
and to differentiate all miRNA isoforms. Captured miRNAs are 
subjected to T7 amplification without introduction of bias in 
polymerase chain reaction. Total RNA can be used in the assay 
directly, without preisolation of miRNA. 


Signosis 
For information 877-266-8388 
www.signosisinc.com 


Capillary-Mimicking Platform 
The VenaFlux Platform is a semiautomated, high throughput, 
microfluidic cell-based assay system. It measures cell adhesion 
to antibody-coated or endothelial-cell cultured microchannels, 
producing curves under shear stress conditions that mimic 
physiological flows. The VenaFlux is simple to use, reduces costly 
layers of animal model studies, and delivers specific, accurate, 
and reproducible results. Scientists can use the VenaFlux to 
rapidly obt analyses and results for potential 
drug candidates in cardiovascular, respiratory, immunological, 
autoimmune, and oncological diseases. These analyses can reduce 
drug development costs by accelerating false-lead i 
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Cellectricon 


www.cellectricon.com 


The VenaFlux replicates cell behavior in human capillaries, 
which is an expanding area of research. The technology provides 
researchers with a single platform for executing dynamic studies 
to analyze the effects of drugs on cell adhesion, proliferation, and 
transmigration under well-defined shear stress protocols that 
replicate physiological conditions. 

Cellix 

For information 917-623-4456 

www.cellixltd.com 


RNAi Duplexes 

PlateSelect RNA interference (RNAi) duplexes offer the ability to 
customize 96-well plates with Invitrogen’s chemically modified 
Stealth or standard BLOCK-iT RNAi duplexes. Users develop their 
customized plates through an intuitive web interface, and they can 
order from one to 96 different duplexes in a single plate. The RNAI 
duplexes are synthesized on demand to take advantage of the most 
up-to-date bioinformatics and are provided at 1 nmol/well in the 
well orientation that the customer chooses. The duplexes arrive in 
ready-to-transfect format and are synthesized based on algorithms 
designed to reduce the chances of off-target effects. 

Invitrogen 

For information 800-955-6288 

www.invitrogen.com/plateselect 


RNA Purification Kit 

The MasterPure RNA Purification kit offers increased yields of total 
RNA, compared with methods such as spin-column kits. Starting 
with tissue, eukaryotic cells, or bacterial culture, the gentle salt 
precipitation preserves microRNAs and other small RNAs that 
would be lost with a spin-columin kit. Up to 25 yg of RNA can be 
obtained from 5 mg of mouse liver. 

Epicentre Biotechnologies 

For information 800-284-8474 

wwwEpiBio.com 


Electronically submit yournew product descriptionor productliterature 
information! Go to www.sciencemag.org/products/newproducts.dtl 
for more information. 
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